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FOREWORD 

(U)  This  final  technical  report  is  in  two  volumes:  Volume  1  covers  all  work 
performed  in  Task  1  of  Contract  P046U-68-C-0085,  "Injector/Chambcr 
Scaling  Feasibility  Program."  The  Task  1  phase  of  the  program  covered 
the  period  from  8  July  1968  to  1  September  1969.  The  report  was  prepared 
by  C. A.  Voorhees,  Jr.,  Program  Manager,  Applied  Technology  Department 
of  the  Technology  Laboratory.  Bruce  Heckert  of  the  Applied  Technology 
Department  served  as  Program  Manager  during  the  initial  three  months 
of  the  program.  Richard  Williams  was  responsible  for  data  reduction. 

The  program  was  carried  out  under  the  direction  of  Dr,  Harland  L. 

Burge,  Department  Manager,  Applied  Technology  Department. 


(U)  Air  Force  technical  direction  was  provided  by  M,  F.  Powell. 
(U)  This  technical  report  has  been  reviewed  and  is  approved. 


Roy  A.  Silver 
Project  Engineer 

Air  Force  Rocket  Propulsion  Laboratory 
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AISTIACT 


<U)  Tb«  rMulu  of  tho  Took  I  phaoo  of  an  lojoctor/ehaabor  acollnc  faaal' 
htlity  yrottra*  aro  praaaotad.  i>urlng  tha  fourtaaa  aonth  pregraa,  covaring 
tho  period  froa  I  July  1966  to  1  Saptaabar  1969,  tha  faaalblllcy  of  acallng 
th«  TW  Syotcau  coaxial  lojaecor  daalgn  to  cha  250,000  Ibf  tbruat  laval  vaa 
daaooacracad.  A  total  of  forty-one  InJ actor  davalopaant  caat  flrlaga  wara 
aado  ualnp  elgut  Injector  coofiguratlona.  Ihrea  chaaber  laagtha  vara  aval- 
uatad  with  a  alngla  Injaetor  configuration.  Sacia factory  parforaaaca  vaa 
achlavud  vlth  tha  iongaat  chaatbar  taatad.  Injector  dynaailc  at^lllty  vaa 
davonatratad  In  ninwroua  atablllty  racing  casta  caploylng  both  pulaa-guna 
anu  noi^dlracclonal  bcabs.  Three  daaonscration  Injectors  wara  daalgnad 
and  fabricated  and  two  o?  chase  Injaccois  wara  subjected  to  checkout  firings 
Id  preparation  for  Task  11  tasting. 
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SECTION  1 

INTRODUCTION  AND  SUMMARY 

i.t  iirrtoouaioN 

(U)  In-dlfpch  ayateBM  atudlca  of  varloua  BOana  of  MlnlMlzlng  Che  coat  of 
launch  vahlclaa  have  bean  conducted  by  the  Air  Force  over  the  paat  aeveral 
yeara.  Theae  atudlea  have  ahoun  that  a  ayatem  baaed  upon  a  low  coat  liquid 
fueled  propulalon  ayacen  (aonetlnea  referred  to  aa  a  "big  duab  booater") 
offera  a  very  attractive  aoluclon  Co  the  problea.  The  key  technological 
aapect  of  the  concept  hlngea  upon  the  ability  Co  develop  at  taodcat  coat  a 
Chruat  chamber  aaae^ly  ( Injector/ chanber)  which  exhlblta  the  following 
character! at  lea: 

a  Low  Coat  Manufacture  -  coBuerclal  tolerancca  and  manufacturing 

pioceaaeat  low  coat  ablative  nateriala 

a  Scaleabillty  -  to  nlnialza  development  coat  for  multi- 

million  poind  thruat  Icvela 

a  Dynamic  Stability  -  to  minimize  typical  trial  and  error  devel¬ 
opment  of  iCable  Injectora  which  haa  plagued 
large  liquid  fueled  englnea 

a  Performance  -  adequate  to  accompllah  the  alaalon 

(U)  The  TRW  SyaCena  approach  to  the  aolutlon  of  thla  critical  teihnology 
area  waa  to  demonstrate  the  feaalblllcy  of  acallng  the  single  element 
coaxial  Injector/ablatlve  thruat  chamber  concept  successfully  utilized  In 
the  Lunar  Module  Descent  Engine  (IXDE)  from  the  10,000  Ibf  thrust  level  to 
the  2)0,000  Ibf  thrust  level.  Under  the  rcqulremente  of  thla  contract, 
r04611-A8-C-0085,  Injector /Chandler  Scaling  Feaalblllty  Program,  TRW  Systema 
designed  and  fabricated  low-cost  injector/chamber  hardware  for  test  and 
evaluation  at  the  ATRPL  Klgh-Thruac  Test  Facility,  1-S6.  The  program  con¬ 
sisted  of  two  tasks;  (1)  Task  I  -  250,000  Ibf  thrust  Injector/chamher 
development;  and  (2)  Task  II  -  250,000  Ibf  thrust  long  duration  ablative 
chamber  evaluation. 

(U)  In  Task  I,  TRW  Systems  furnished  the  AFRPL  a  contractor-owned  thrust 
chamber  assemhly  (LMUL  criginc  design  scaled  to  250,000  Ibf  thrust  level)  for 
the  purpose  of  facility  checkout.  TRW  Systems  also  designed  and  fabricated 
a  development  injector  and  heat-sink  corohuation  chamber  to  investigate  the 
affects  of  variations  in  critical  geometric  and  hydraulic  parameters  on 
combust iun  performanci'.  The  development  injector  incorporated  replaceable 
fuel  orifice  rings  and  oxidizer  pintle  tip  asscnblles.  The  final  demon¬ 
stration  injector  configuration  was  defined  after  only  11  full  si.sle  test 
llrings.  This  is  significant  In  the  fact  that  TRW  fabricated  1  Identical 
injectors  for  the  Hiilisrquent  long  duration  ahlstlvi’  material  evaluation  tests 
using  commercial  SMnuf acturlng  processes  and  comiH'rclal  tolerance  practices. 
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(U)  In  iMk  II,  chtM  dlff«r*at  c«a41d«t«  law  cast  ablatlv*  Mtarlal  syitaM 
warn  avaluatad  la  230,000  Ibf  throat  chaabar  hardwart. 

(U)  Thla  ro'^rt  la  In  two  voluaaa.  VoIum  1  daacrlbaa  all  accoapllthaanta 
during  cha  Task  I  phase  of  the  prograa  covering  the  period  of  8  July  1968  to 
1  Septeaber  1969.  Vo'uae  II  describes  the  results  of  the  Task  II  phase  of 
the  prograa  covering  Lha  period  of  11  Deceaber  1968  to  5  February  197G. 

1.2  PROGRAM  SUMMARY 

(IJ)  The  TRU  Syateas  cxpertaental  low-coat  pressure  fed  angina  dasnnacrated 
the  following: 

a  An  inlisrently  stable  and  scalable  injector  design  which  alnlmlses 
the  dtvalopaant  coats. 

•  Engine  natal  coaponanta  fabricated  froa  low-carbon  ataals  using 
conaarclal  fabrl.atlon  aathods. 

a  Low-coat  ablative  liner  natarlala  and  fabrication  techniques. 

Tha  ability  to  design,  fabrlcata  and  test  these  flight  configured  engines 
within  the  scope  of  the  program  demonstrates  the  feasibility  of  the  mlnlBun 
cost  daslipi  approach  to  designing  rocket  vehicles. 

1.2.1  Task  I  In lector/Chiher  Devclopwent 

(U)  Task  t  conslsfe^tl  of  forCy-onu  short  duration  tfst  firings  with  tlu* 
devolopavnt  heat  sink  tierdware.'  Perforaance,  heat  transfer,  and  stability 
data  were  obtained.  Three  different  length  combustion  chambers  (36,  48  and 
60  inches)  wen*  tested  to  drteraine  the  effect  of  length  on  engine  p«>rfor- 
aence.  These  testa  were  conducted  u  tng  a  single  element  cosxlal  Injector 
operated  at  eight  different  fuel  to  oftldlzer  eettfngs.  The  TRW  Injector 
design  alnlalies  the  number  of  injector  builds  normslly  essoclatcd  with 
engine  developaent  prngreas  because  of  Its  elmpla  construction  which  accora- 
aodafea  Intarchangaable  osldlsar  rings  and  fuel  gsp  adjustmenta. 

(C)  Tha  naxlmuB  apaclflc  Inpulaa  efficiency  meaaurcd  was  89.3  percent  In  the 
^O-lnch  long  (L/0  ■  1.54  and  L*  •  120  Inches)  heat-sink  cowbuatlon  chamber, 
Incraaslng  the  combust  Ion  chaadier  length  from  36  Inrhee  to  60  Inches  resulted 
In  an  engine  perforuenca  Increase  of  approximately  4  percent.  Date  Indicates 
that  higher  performance  can  be  achieved  by  modeet  increasaa  In  combustion 
cheabar  length. 

(C)  A  total  of  21  utablllcy  rating  tests,  using  both  pulse-guna  and  non- 
dlrectlonal  boaba,  were  node  with  the  various  Injsr.tor  configurations.  The 
Induced  chamber  preaeura  dleturbenccs  ware  ell  damped  to  within  10  percent 
of  the  original  chasber  preaaure  within  10-37  allllseconds,  onca  again  pro¬ 
viding  that  the  centrelly  located,  coaxial  injector  la  dynamically  stable. 

(C)  The  nominal  combustion  performance  (nC*)  for  six  of  the  eight  Injector 
acttlngs  wee  aeaentlallv  the  aaae  (within  tlie  accuracy  of  the  date).  Tha 
remaining  two  eattlngs  Incorporated  changee  in  the  ratio  of  primary  to 
aecondery  flow  ratea  end  oxldlur  orifice  ent  anca  flov’  dynaaice.  These 
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(C)  r«>ult«d  to  lower  perfonunce  thea  the  orlclaal  etx  injector 

coaf l|:urettcNie.  Beceuee  of  the  deetre  to  continue  Into  Teak  11»  no  further 
injector  cheacoe  wore  aede  to  iaprewo  porfomance.  The  final  denoaetratioo 
injector  eettlng  lor  Teak  II  wee  eelocted  froa  the  teet  base  of  41  injector 
firioM* 

(C)  Fourteen  additional  checkout  firings  ware  Bade  with  the  S/H  001  and  S/M 
002  denonecratlon  Injt-ctorii.  The  S/N  001  deeonatratlon  Injector  was  teat-’ 
fired  In  the  60  inch  clianber  (L*  -  120  Inches)  both  with  and  without  a 
turbulence  ilng.  Thu  turbulence  ring  reeulte/  In  a  perforaance  increase  of 
approxlaately  l~L/2  percent.  The  S/K  002  deaunatratlon  injector  was  teat- 
fired  In  the  saae  chaaher  without  Che  turbulence  ring. 

(U)  The  S/H  001  dauonstratlon  Injector  also  was  subjected  to  s  test  firing 
of  10  seconds  duration  to  chack  injector  durability.  A  heat  sink  thrust 
chanbar  was  lined  with  a  low-cost  gypsuB-phenollc  insulation  at  the  AFRPL 
for  this  firing.  Most  of  the  Insulation  was  either  ablated  or  ejected  dur¬ 
ing  the  Initial  five  seconds  of  the  firing.  Aa  a  result,  the  convergent 
and  throat  sections  of  the  heat-sink  chamber  were  eroded  during  Che  latter 
half  of  the  firing.  So  erosion  of  the  oxldlxar  orifice  ring  or  Che  ablative 
pintle  tip  was  encountered. 

1.2.2  f.iwk  11  Ablative  Chaiwher  Fv.iluatlon 

(U)  Tliri’f  ahlattve  lined  thrust  ch.iaber  asKemblles  were  designed  and  tested. 
Four  S/N  <K)1  ln]ect<)r  t  lierkuuC  i  .-nCn  were  aIhu  conducted  during  Task  II. 
Ferfuraani'e  agreed  with  the  S/M  cHII  and  002  checkout  tests. 

<U)  A  nuniier  of  tow-iust  fabrication  techniques  were  evaluated.  Tape 
wrapping  tiver  a  male  ncindrel,  and  hand  lay-up  of  standard  ablative  materials 
In  can]uni;tlon  with  .i  low-pressofv  cure  cycle  appear  applicable  for  fabri¬ 
cating  large  ablative  components  hot  would  require  expensive  tooling.  Cast¬ 
ing  of  room  temperature  curing  ablators  Is  a  feasible  technique  fur  produc* 
Ing  large  ablative  ou-iponeni s  without  the  use  of  expensive  tooling.  The 
hlgii  pressure  molding  of  Interlocking  panels  appears  to  be  a  practical 
technique.  The  Joint  design  and  secondary  bonding  of  the  molded  panels  to 
th  shell  bscome  the  critical  and  expensive  parts  of  the  ablative  component. 

(U)  Th^macarlal  selcctlohr  for  the  thraa  ablative  chambars  wara  based  upon 
results  of  euFscaU-  test  programs  conducted  at  both  the  AFRPL  and ~TkU 
Systems.  Cost-ef fert Iveness  studies  were  made  of  chanfcer  llnera  ualng  the 
most  prowlalng  materials.  Final  SMtcrlal  selections  were  based  on  the  cost- 
clfectlvenesH  studies,  (abrtraClon  processes  adaptable  to  larger  size 
ablative  liners,  and  new  material  technology. 

(U)  The  coni  Igiirat  Inn  I  slilatlve  liner  consisted  of  a  tape-wrapped  MX-2h00 
f  s  1 1  Ir.a-pheoii  I  1 1  )  tliniat  Insert,  .in  MX-ZhOd  (si  1 1<  a-phenoHc  )  exit  cone 
liner  layed  op  In  a  rosette  pattern,  and  an  nXA-lbO  (ashestos-pheool Ir ) 
chaadter  liner  wlilili  was  layed-up  parallel-to-surf are.  The  exit  tone  and 
chamber  sections  were  cured  In  place  at  IDO  psl  while  the  throat  insert  was 
cured  In  an  autoclave  at  100  psl,  machined  and  secondarily  bonded  Into  tbs 
pressure  shell  using  an  epoxy  adhesive.  The  chamber  Internal  configuration 
consisted  of  nn  1.*  of  119  Inches,  s  chamber  length  to  diameter  ratio  of  1.6* 
and  a  contraction  ratio  of  1.80.  This  chamber  design  damonstrstsd  an  angina 
Ufa  of  66  aeconda. 
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(U)  Th*  configuration  2  ablatlwo  linor  consisted  of  a  cast  Dot#>Cornlng  93' 
104  f illod-slllcons  rubber  throughout  tho  chaober.  The  llnsr  was  cast  In 
three  sections;  the  throat-eait  cone,  the  done  section,  and  the  cylindrical 
chamber  section  using  Internal  plaster  nolds  and  sheet  smtal/plywood  mandrels. 
The  cast  chamber  was  cured  at  room  temperature.  The  chasiber  litternal  con- 
flgurstlon  consisted  of  an  L*  of  104  laches,  a  chamber  length  to  diameter 
ratio  of  1.44  and  a  contraction  ratio  of  2.07.  The  desnnetrated  engine  life 
for  title  dealgn  waa  98  anconda. 

(U)  Tho  configuration  3  ablative  liner  conalated  of  a  tap«-vrapped  MX-2600 
(slllca-phenollc)  throat  Inaert ,  an  KXA-130  (asbestos-phenolic)  exit  cone 
liner  snd  s  cast  Ironsides  Resin  DF5-161  chsmber  liner.  The  exit  cone  wss 
fabrlcsted  ftron  compreNalon  nolded  KXA-150  segnents  which  were  sscotwlsrlly 
bonded  Into  the  pressure  shell.  Tlie  DPS-lbl  chsmber  section  was  cast  In 
two  sections,  the  dome  snd  cylindrical  chamber  acetion,  ualng  internal 
plantar  molda  and  sheet  mecal/plywood  mandrels.  The  cast  chamber  aectlon 
waa  cured  at  room  temperature.  The  Internal  configuration  of  the  cosdtuotlon 
chamber  waa  Identical  to  the  configuration  1  ablative  liner.  The  demonatrated 
engine  life  for  this  design  was  83  seconds. 

(U)  Ths  sversgs  weight  of  Chs  thrss  tnglne  ssssnbllss  is  siclmstsd  tc  bs 
3290  pounds  with  ths  lightest  engine  being  the  configuration  2  dsslgn  (5030 
pounds).  Ths  injsctor  sssenbllss  weighed  1500  pounds  each,  cha  chiruat  chamber 
pressure  veasela  weighed  2850  pounds  each  snd  ths  ablatlvs  llnars  wslghad  from 
680  pounds  to  1130  pounds. 

(C)  Ttiv  demonatrated  specific  impulse  for  the  three  ablative  engine  firings 
was  88  T  0.5  percent  of  the  theoretical  value  at  the  nominal  dealgn  mixture 
ratio  of  2,60  O/f.  Tlie  maxlmuai  performance  measured  was  89  percent  at  a 
mlature  ratio  of  2.50. 

(<;)  The  teat  program  proved  the  feasibility  of  s  minimum  cost  design  with 
mlnlm.ll  vr  ;lne  development  required.  The  heat'slnk  thrust  chamber  tests 
determined  the  effect  of  thrust  chsmber  length  (l.e.,  chamber  stay  time)  on 
combustion  performance  for  s  given  Injector.  Using  this  relstlunshlp  with 
the  ablative  engines'  delivered  performance  Indicates  an  ability  to  deliver 
92T  specific  lapulsc  by  Increasing  tb*-  chamber  length  to  diameter  ratio  to 
1.68.  Acceptable  ablative  performance  may  be  achieved  with  the  Flberlte 
MX-2600  (slllca-phenollc  tape  or  broadgooda)  ustd  for  the  chamber  liner, 

;hroat  Insert,  and  noxile  exit-cone. 
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StCTIOH  2 

tJtClNK  DESIGN  AND  FABRICATION 


2.1  GENERAL 


(U)  Thfi  TRW  low-CMi.  prc««ura-f«d  •nulnc  dealRn  contlsta  of  two  Major 
aaaaMbliea  -  a  cantrally  locatad,  coaalal  InjacCor  and  an  ablatlvoly 
cooltd  thruat  chaabar.  Tha  antina  uaaa  low-coat  atorabla  propallanta 
(N2O4/UDHH)  which  ara  coapatlbla  with  convantlonal  laatarlala  of  conatruc- 
tlon.  Tha  angina  la  daalgntd  with  a  atlnlnun  of  ''praclalon"  tolarancaa  auch 
that  Induatrlal  fabrication  tachnlquaa  aay  ba  uaad  to  fabrlcata  both  tha 
Injactor  and  thruat  chanbar  ahall.  Low-coat  ablatlva-typ«  thruat  chanbar 
llnara,  capable  of  balng  fabricated  by  low-coat  tachnlquaa,  are  uaad  to 
protect  the  chaaber  ahell  during  the  engine  firing  duration. 

(U)  The  Taak  I  Oealgn  and  Fabrication  effort  conaiatad  of  the  dealgn  and 
faorlcatlon  of  -three  aajor  Itana.  thaae  Itcna  ware  aa  followa; 

1)  2'jO,000  Ib^  Thruat  Develop.  .C  Injector 

2)  250,000  lb,  Thruat  Heat-Sink  Chaaiber 

1)  250, OCO  Ib^  Thruat  Oanc'natratlon  Injactora 

The  250,000  Ibf  thruat  davalopnent  Injector  wan  Hcaignrd  to  accept  raplaca- 
ahle  fuel  and  oaldlter  orifice  rlnga  In  order  to  I’xpedlte  teatlng  of  varloua 
Injector  conflguratlona.  The  haat-elnk  conbuatlon  chamber  had  numeroua 
pulae-gun  and  bomb  hoaaea  for  conducting  atabllltv  rating  taata.  Three 
demonatratlon  Injectora  were  fabricated.  The  fuel  and  oxldlaer  orifice 
dealgn  waa  baaed  on  the  teata  reaulta  achieved  with  the  development  Injec¬ 
tor. 


2.1.1  Dealgn  Philosophy 

'^1  It  han  been  rccugnlzed  that  the  propellant  Injector  la  the  critical 
component  In  the  overall  determination  of  engine  prrfonaance,  conbuatlon 
ateblllty,  and  thruat  chamber  durability.  For  many  yeara  .  TKW  Systems  has 
been  conducting  analytical  and  experimental  Invcatlgat Iona  of  the  combus¬ 
tion  proc-'as  from  the  standpoint  of  performance,  stability  and  thruat 
chamber  durability.  These  efforta  have  led  to  TRW  Systems  selection  of  the 
coaxial  Injector  concept  ea  the  most  aultable  baste  dealgn  for  meeting  these 
engine  requirements. 

The  basic  detlgn  simplicity  of  the  coaxial  Injector  results  In  reduced 
development  and  production  costs  while  maintaining  high  component  reliabil¬ 
ity.  Since  moat  of  the  fabrication  connlats  of  turning  operations  end 
electrlrnl  discharging  machining  (KDM),  the  part-to-part  reproduction  la 
excellent  and  the  scraprate  reduced  when  compared  with  dealgna  requiring  a 
large  numbar  of  precision  drilling  operations. 

(II)  The  basic  Injector  concept  permits  adjusting  both  the  fuel  and  oxidizer 
injection  flow  areas,  alther  separately  or  slmultanr-iualy ,  thua  providing 
Increased  flexibility  during  the  early  development  phaaes  of  a  program. 
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(D>  This  fsscsr*  psralcs  a  aora 
vayid  iajaetor  opCialaatioa.  A 
sehsaatic  dtasraa  of  tho  lajoc- 
tor  sloMOC  is  shown  la  Figuro 
2-1.  Tbs  coaxial  Injsccoc  da- 
sign  is  prsdlc4t;ad  upon  obtalalag 
a  ■sfhsntral  iatsrleck  of  cha 
propsllaaca  which  forcaa  liguld 
phaM  alxlrg  to  occuc. 

0-^)  lha  exidistar  la  nacarad  and 
diraetad  radially  outward  as 
iodiv^.dual  strsaM  from  tha  can- 
tral  piatla.  Tba  fual  is  injac- 
tad  as  a  hollow  cylindrical  ahaat 
which  intarcapts  tha  oxidlaar 
straana  as  shown  In  Flgura  2-1, 
with  part  of  tha  fual  inpinging 
tha  oxldlxar  straan  sad  part  of 
It  panatratlng  hatwaan  tha 


oxtdlsar  orl.flcaa.  Tha  gaosatry  of  tha  Intaractlon  lyatan  la  aalactad  on 
tha  baala  of  raqulrad  parfomanca  and  wall  anvironaant. 

(U)  Tha  injactlon  paraaatara  for  thla  Injactor  which  hava  shown  a  donina- 
ting  Influanca  on  injactor  parfomanca  In  pravloua  work  ara  as  follows: 

1.  Katlo  of  oxidl.  to  f-^l  Injactlon  noaMncmi 

2.  Satlo  of  aacondary  oxldliar  flow  to  prlnary  orlflca  flow 

3.  Munbar,  alia  and  ahapa  of  oxidlaar  orlflcas 

4.  manaotal  apaelng  of  oaldiaar  orlflcaa 

3.  Location  of  aacondary  oxldlxar  orlflcaa 

4.  Injactlon  prasaura  laval. 

(U)  Variation  of  thaaa  parawatars  ara  uaad  to  control  both  parfomanca  and 
wall  anvironwant. 


2.1.2  Conbuatlon  Stability 

(U)  Tha  injactor  daalgn  dlractly  affacts  ovtrall  dynanlr  atablllty,  parfor- 
naacflt  and  thruat  chaabar  durability.  Realisation  of  thaaa  daalgn  goala 
ia  not  poaaibla  unlaas  tha  Injactor  can  ba  aada  to  oparata  In  a  dynanlcally 
atabla  nannar. 

(U)  Tha  cantrally  locatad,  coaxial  injactor  daalgn  haa  provan  Ita  Inharant 
dynanic  atablllty  In  thouaanda  of  taata  on  arqiinaa  ranging  frow  awall  RCS 
thrustora  to  tba  praaant  230,000  Ibf  thruat  praaaurt-fad  angina.  Non-dirac- 
tloBxl  besbs  and  radial  and  tangentially  orlantad  puiaa  gima  hava  baan 
utlllsad  to  rata  tha  Injactor  dynanic  atablllty.  High  fraquancy  raaponaa 
praaaura  tranaducara  ara  uaad  to  racord  tha  praaaura  dlatut^ancaa. 
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TTiv  tangential •  radial,  and  longitudinal  nodea  arc  of  concern,  with 
the  tangential  nodea  being  noat  iapertant*  The  TKU  Syetena  centrally  located, 
coaxial  Injector  provldca  a  fuodanental  approach  to  the  theoretical  cllaln- 
atlon  of  theae  acoustic  nodea  of  Inatabllity. 

Exanlnatlon  of  the  anti-nodes  of  various  acoustic  vibrational  nodea 
shows  the  location  of  possible  abnoraally  high  energy  release  xenea  which 
could  result  In  sustaining  conbustlon  Inscabllity .  Figures  2-2a,  2-2b 
and  2-2(:  ahow  a  coeparlaon  between  dlatrlbuted  Injection  and  centrallied 
Injection.  The  figures  ahow  that  the  location  of  abnornally  high  energy 
reletiaes  In  a  chanber  can  have  a  dominant  effect  on  whether  or  not  the 
angina  will  be  dynamically  stable. 

Figure  2-2a  compares  a  dlatrlbuted  Injector  and  centrally  located  In¬ 
jector  reaponae  during  a  tangential  disturbance.  Stable  operation  Is  Indi¬ 
cated  by  the  solid  Una  while  the  energy  release  pattern  resulting  from  a 
large  presaure  pulse  at  one  side  of  the  Injector  is  shown  as  a  dashed  line. 

The  aone  of  the  maximum  anergy  release  rate  In  the  dlatrlbuted  Injection 
ayatan  novae  generally  toward  the  Injector  face  (eourca  of  propellanta) 
thua  auetelnlng  the  inatabllity. 

CO  In  the  centrally  located  Injector  the  tone  of  maximum  energy  releaae 
muMt  again  move  teward  the  incomlnx  propellanta  to  Increeae  the  eexabustion 
rate  above  Ita  normal  value.  The  naxlnun  energy  releaae  tone  moves  toward 
the  InJet'Cor  and  Inward  toward  the  rhamher  axla,  or  nodal  location.  It  la 
apparent  that,  under  thear  condltluna.  the  energy  la  released  closer  to  the 
presaure  node  and  betomea  inaffectlve  in  a'istalnlng  the  aplnnlng  or  tan¬ 
gential  pressure  front. 

(I'j  Slmller  arguments  can  be  offered  in  eupport  of  the  atablllty  of  the 
tentrelly  located  Injector  to  both  the  first  radial  and  first  longitudinal 
mudea  of  Instability. 

2.1.1  Scaling 

(U)  Fast  experience  has  demonstrated  tl>e  acalablllty  of  the  centrally 
located  rn.ixial  Injector  over  a  wide  range  of  thrust  levels.  This  is  sc- 
compllahed  through  the  use  of  simple  geometrical  scaling  lechnlcjuea .  Of 
prlsLiry  Importance  In  scaling  the  coaxial  Injector  is  the  maintenance  of 
hydr.iullc  similarity  nt  the  Impingement  point.  The  oxidizer  orifice  con¬ 
figuration  Is  sasentlally  photographically  scaled.  In  making  gross  scaling 
changes  It  has  been  necessary  only  to  make  minimal  changes  to  achieve  the 
desired  performance  and  chaaber  compatibility.  The  scaling  criteria  used 
in  designing  the  2)0,000  ibf  (vacu«ss)  thrust  Injector  and  combustion  chambsr 
ere  given  In  the  following  paragraphs. 

2. 1.1.1  Mixing 

(11)  It  h/is  been  long  recognised  that  high  Injector  performance  requires 
maximum  use  of  the  kinetic  energy  of  Jet  Interaction.  To  assure  that  peak 
performance  will  occur.  It  Is  necessary  to  optimize  the  Injection  hvdraullcs. 
It  has  been  found  that  control  of  ba.slc  momentum  considerations  reaulta  In 
pssk  perforstance  ([Reference  2  )  for  the  hypergollc  propellant  combinations 
under  consideration,  l.e.,  where  liquid  phase  reactions  sre  considered  to 
be  of  major  Importance, 
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(U)  A  highly  •f(«cclv«  approach  to  control  of  soaentua  IntaracCloa  la 
obtainad  through  an  exaainatlon  of  tha  groaa  dynaalcs  of  Intaractlon  of  cba 
fual  and  oxidlier  straaaa.  Initially,  aaxlaua  alxing  can  ba  aehlavad  only 
by  optlsua  uca  of  avallabla  aoaantua  forcaa.  Uaing  this  approach,  Xupa  at 
J?L  (Raferanca  1  )  arrlvad  at  a  criteria  for  two  laplnglng  round  atraasa 
for  max  Inn  nixing  which  la  given  aa 


(u)  Ralbling  at  JPL  (Reference  ((i)  )  reporta  chat  all  of  the  criteria  for 
opcinua  propellant  mlxlnr,  in  laplnglng  jet  injection  elenenta  can  be  cx- 
presaed  In  the  fora  / 


%dierc: 

R  ••  ratio  of  aaau  flow  rate  of  liquid  2  to  liquid  1 
i.e.,  nlxturc  ratio 

p  ■  liquid  denalCy 

a  ■  crosa-nerc ional  area  of  an  individual  orifice 
■  alxing  vff  Ir lency 
or  In  H^ran  of  oxidl/.iT  aou  fuel 

[•««'■']  M..  n.  T 

The  coefficient  k  ts  a  unique  function  of  the  ratio  of  the  number  of  atreaaa 
of  one  fluid  to  Che  other  fluid  (n,/n  ) ;  b  la  relatively  inaenaltive  to 
changes  in  (n^/n^)  with  a  noainal  value  of  0,7, 

(ij)  Cxperiaental  pregraas  at  TRW  eaploylng  the  coaxial  injector  elearnt 
IndlcaCea  chat  a  aodiflcatlon  of  Equation  (2-3)  after  Reibling,  to  account 
for  aide  interaction  of  the  fuel  sheet  with  the  oxidizer  fllaaenta  and 
differences  in  discharge  coefficients,  resulta^ln  acceptable  correlation 
of  the  test  data.  The  aodifled  correlating  paraacter  is  given  by 


f 

k 


,  ,  .0.2  0.*..  0.5  ,  n 

M  “l.O 


(2-*) 
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f>  ■  liquid  dtaalty 

u  ■  Bijitur*  r«tio  (U^/Wj) 

AF^  ■  AF  /AP, 
r  os 

for  HxiMiM  Bixlng  •fflcloncy,  «o<l  k  1*  datermlaod  Mplrically. 

(U)  Injection  pcmeteri  which  h«v«  been  abown  laportant  In  prior  work 
include  Che  following: 

Katlo  of  oxidizer  to  fuel  injection  woiiencua 
Fuel  and  oxidizer  orifice  preteure  drop  level 
Nuaber  of  oxidizer  orifices 
Shape  of  oxidizer  orifices 
Setback  of  oxidizer  secondary  orifice 
Spacing  between  oxidizer  orifices 
Percentage  of  oxidizer  secondary  flow 
Ratlr  of  pintle  diaaeter  to  chaaber  dl&aeter 

The  various  orifice  p.irameters  are  shown  in  the  following  sketch. 


0^^  ■  fuel  altering  orifice  dlaswter 

*  length  of  fuel  streaa  to  lapingeaent 

L_  <■  length  of  primary  oxidizer  orifice 
F 

■  major  width  of  primary  oxidizer  orifice 
W^'  ■  minor  wld  h  of  primary  oxidizer  orifice 

■  length  of  seconi.''  t  orifice 
W  ■  width  of  secondaiy  orifice 
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(U)  Injector  cooflguratlon*  with  30,  32,  36,  38,  62,  48  and  60  prlsary 
oxldisar  orlflc«i>  bava  bean  tested  previously.  Host  of  these  conf Isuraclooa 
were  tested  also  with  secondary  oxldlser  orifices.  In  conf ifurationa  ei^ 
ploying  primary  oxidizsr  orifices  only,  insufficient  spacing  between  indivi¬ 
dual  orifices  'UW  -  (V  •¥  Wg)]  precludes  adequate  penetration  of  the  fuel 
sheet,  while  a  spaclng^whlch  is  too  great  allows  excessive  penetration  of 
the  fuel  sheet.  In  both  coses  performance  is  lowered  and  in  the  latter  case 
(fuel  rich  central  core)  the  chosdser  wall  zone  would  normally  be  oxidizer 
rich  resulting  in  excessive  erosion  of  the  ablative  cbosdier  liner.  The 
basic  approach  which  was  developed  in  the  LKDE  program  la  the  addition  of 
secondary  oxldlzsr  orifices  between  prlmi  .y  orifices  at  a  predstsrmined 
setback  (L  -  L  )  and  with  an  ares  approximately  10  percent  of  the  total 
oxidizer  injection  area. 

<U)  the  selection  of  the  central  pintle  tube  asseably  diameter,  D  ,  is 
based  on  consideration  of:  (1)  fuel  sheet  thickness  at  the  design' inject¬ 
ion  velocity,  <2)  resulting  pintle  tube  circumference  from  Che  standpoint 
of  length  available  for  locating  the  oxidizer  injection  orifices  and  (3) 
ratio  of  fuel  sheet  thickness  [1/2  (D  -  D.  )]  to  spacing  between  primary 

oxidizer  orificss  (UU  -  W  ).  ^  * 

P 

(U)  Only  the  first  six  of  Che  eight  injector  paramcera  were  varied  in 
this  program.  The  percentage  of  oxidizer  secondary  flow  was  nominally  10 
percent  of  the  total  flow  (8  to  11.  percent),  while  the  ratio  of  pintle 
diameter  to  chamber  dlasMter  was  invariant  (0.327). 

(U)  Only  two  injectors  with  more  than  36  elements  (02  and  06  with  48  elements) 
were  teated  during  Che  injector  development  phase.  The  shape  of  the  oxidizer 
orifices  were  not  varied  significantly.  The  spacing  betwaen  orificss  was 
varied  from  50  percent  of  unit  width  to  33  percent  of  unit  width. 

2. 1.3. 2  Vaporization 

(U)  For  geouetrlcally  similar  injection  elements  the  effective  mean  size 
droplet  (r  )  is  a  function  of  the  total  mass  flow  through  Che  orifice  and 
the  injection  velocity.  The  vaporization  of  these  propellant  droplets, 
and  subaequenC  reaction,  is  s  function  of  Che  chamber  dlazMter  and  chamber 
length.  Using  LMDE  experience  Che  chamber  configuration  required  to  vaporize 
and  complete  Che  cood^ust ion  of  the  injected  propellants  is  given  by 

Chamber  diameter  (I.D.),  \/2  D-D 

’  t  c 

Chamber  length,  •  1.45  D  -  L  where 

c  c 

Che  length  le  oMeeured  between  the  impingement  plene  and  the  throat.  The 
chamber  convergence  angle  le  eelecced  ee  30*  and  the  throat  rsdiua  of 
curvature  la  0,3  D^. 

(U)  An  analytical  coobuatlon  efficiency  enelyela  using  one-dlaeneionel 
vapcrlietioA  rate-limited  combuecion  model  coi^uter  programa  described  In 
Befarencea  5  and  6  vaa  performed  in  aupport  of  the  axparimancal  program. 
Additional  data  from  a  company-funded  30,000  Ibf  program  wee  uaed  to  verify 
the  chembet  scaling  approach. 
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(U)  The  scaling  spproseto  involvn^  eerrslsctag  ebs  mss  asdlan  irvf 
raiUuSt  standard  davlsCion,  and  nisibar  of  drop  groups  (wblcli  eharaetar- 
iaa  tha  syrap  at  tbs  Initial  station)  vltb  tbs  saaanrod  coi^uatlon  afflclancp. 
Tba  variation  of  voluaa  Man  drop  disMtar*  d^^,  was  corralatad  bp 


RES 


^  .  2.64^  *  0.97  0^1  U-9) 

for  a  censtanc  Injoctlon  vslocltp  and  tba  aasuapcloo  that 

djo  (2-«) 

or  In  tarM  of  injactad  flow  ratas 

djQ  ^9  ,  (2-7) 


It  la  further  aaaunad  thrt: 

r,  -V  djo  (2-t) 

or 

‘  *  l/i 

V  “  <2-9) 

“2  “l  ^  ^ 

(U)  EquaClou  2-9  vaa  uaad  C9  acala  drop  alsc  (and  nuobar  flux  dlacrlbutloa) 
from  a  know  condition  (r  ,  m.)  to  tha  naw  condition. 

■1  * 

(U)  Tha  nasa  Mdlan  drop  radius «  r^.  alao  la  ralatad  to  two  prlmrp  Injocter 
parsMtara,  spaclflcally  Injector  pcaasura  drop,  &P  and  nuabar  of  prlaarp 
and  aacondarp  orlflcas,  n,  as  followa: 


(2-10) 

(2-11) 

(2-12) 
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results  la 


.IM 


<»)"•  (.)*'* 


or 


'a  (*2'  ^2*  “2^ 


4) ''‘e)‘W 


(2-W) 


(2-15) 


Iqusclcn  (2-lS)  dsscrlbss  how  chs  asss  asdiaa  drop  sics  chsr.gse  with  f  « 
flow  rats  (liS.a  thrust  level),  injector  pressure  drop,  end  nuaber  of 
orifice. 

(C)  The  oae-dlaenslonsl  vsporlsetlon  rste-llalted  coabustlon  aodsi  pra- 
vlously  discussed  was  used  to  correlate  the  Initial  250,000  Ibf  thrust 
teat  results  with  aass  asdiaa  drop  slxe.  Several  drop  slaas  were  Input 
to  the  eoaputer  prograa  with  the  first  250,000  Ibf  thrust  chaaber  con- 
flgtiratloa  tastad  (Lc  ■  36  inches,  •  2.23  and  L*  >  70  Inches).  Ihs 
sxpariaantal  test  results  obtained  during  these  casta  (11  through  32) 
correlated  with  a  aass  aedian  drop  radius  of  109u  (aicrona) .  Knowing 
that  the  ii,  APi,  and  for  the  250,000  Ibf  thrust  engine  result  In  a 
aass  aedian  drop  radius  C^a^)  of  109ti,  aquation  1-15  was  used  to  calculate 
the  drop  else  (ra2  of  7Su)  for  Che  50,000  Ibf  thrust  engine  (ft2i  ^2» 
n2).  The  vsporliatlon  rate-llalted  coabustlon  aodel  was  then  used  to 
calculate  Che  relationship  between  perforaance  and  chaaber  length  for  both 
Che  250,'^  Ibf  thrust  engine  (109u)  with  50,000  Ibf  thrust  engirt  (75u). 
These  eoaputed  relationships  are  shown  in  Figure  2-3  along  with  sxperlaental 
test  results.  The  agresaent  between  the  parforaance  eoaputed  froa  the  coa- 
busClon  aodel  and  tha  actual  expertaental  test  results  for  both  the  50,000 
ibf  sad  230,000  Ibf  thruct  engines  demonstrates  the  capsblllCy  of  equation 
2-15  to  predict  the  injector  characterisation  drop  slse  for  various  engine 
sisee  and  Che  capability  of  tha  coid>u«Clon  aodel  to  deteralns  the  effect 
of  chaaber  length  on  cotubuatica  perforaance  for  a  given  Injector. 


2. 1.3. 3  Application  of  Scallnr  Criteria  to  Orlalnsl  250,000  Ibf  TCA 

(U)  The  original  250,000  Ibf  thrust  injector/chaaber  configuration 
(App^ndis  A)  which  wse  flr'^d  at  the  50,000  Ibf  thrust  Isval  in  1967  and 
then  ueed  for  faciility  checkout  of  1-56,  woo  based  on  valuce  of  injection 
pereaeters  sc.'eled  froa  the  LKDE  Injector.  Thue,  the  pintle  dieaeter  ie 
given  by 


(2-16) 


km  nii^Ti  m  r  A# 


AU  m  UAMVVW*  wa  Alg^eiawe  M«w«easa  Ve 

,  leaents  (prlaery  orificeo  plue  eecondery  orifices)  le  36  which  is  ideoticsl 
to  the  LMOK  injector.  Tha  oaidiser  orifice  spacing  (Wp/UV)  of  spproxiaetely 
0.40  la  Idanticsl  to  that  of  Che  LMDK  injector.  The  otlflce  ahspe,  secondary 
oxldlsar  orifice  satbsek  and  psrcantsga  of  sacondsty  oxldiiar  flow  srs  also 
spproxlasctly  tha  asae  as  the  LMDE  Injector. 
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(C)  Yh«  lAitlal  fu«l  and  oxidiaar  Injectioo  praaaura  drop  Icvals  apacl- 
ftcd  ver«  35  pala  and  140  pai,  respectively,  which  corresponda  to  25  pal 
and  105  pal  for  the  LMDE  Injector.  This  pressure  ratio  selection  would 
prsdict  »»«-<■»“«»  performance  at  a  mixture  ratio  of  1.60,  or  the  normal 
opar«clag  mixture  ratio  for  (ha  LKI'E. 

(C  The  combustion  chamber  employed  in  the  Facility  Checkout  Phase  of 
Task  I  was  sized  on  the  basis  of  300  psla  at  a  throat  diameter  of  27.0 
Inches.  The  contraction  ratio  was  (39.0/27,0)  or  2.09  which  corresponds 
to  the  criteria  given  In  2. 1.3. 2.  The  original  chamber  length  was  36.5 
Inches  from  the  Impingement  plane  to  the  throat  which  does  not  meet  the 
L/D  criteria.  The  original  250,000  Ibf  thrust  TCA  was  fired  only  at 
SO. Boo  Ibf  and  60  psla  at  the  TRW  Systems  Capistrano  Test  Site.  Sue  to 
facility  limitations  the  nozzle  extension  was  limited  to  an  expansion 
ratio  of  2.0  at  20*  divergence  half-angle  and  the  overall  cLiamber  length 
(ImplngsmenC  plane  to  throat)  was  limited  to  the  36.5  Inches  which 
Is  considerably  shorter  chan  predicted  by  the  scaling  criteria. 

2.2  250,000  LB„  THRLST  STATIC  TEST  EXCISE  DESIGN 

P 

(U)  The  design  of  the  250,000  Ibf  thrust  static  test  engine  is 
shown  in  Figure  2-4.  This  .uilt  l.s  conprited  of  two  nsjor  assemblies  -  the 
Centrally  located,  coaxial  injector  and  the  uncoolrd  thrust  chamber.  The 
design  is  based  on  achieving  the  paraineters  shown  in  Table  2-1.  Teat  dur¬ 
ations  are  limited  to  1.5  to  2.0  seconds  which  is  sufficient  time  to  estab¬ 
lish  the  two  primary  objectives  of  the  p.'-ogram;  tliese  objectives  are  the 
(leusurement  of  engine  perfomjince  and  th*  verification  of  Injector  stabil¬ 
ity- 

(U)  The  design  criteria,  including  propellant  flows,  calculated  prcssurs 
drops,  and  predicted  stress  levels  used  in  the  development  Injector  and 
thrust  chamber  design  have  been  detailed  In  Appendix  D.  A  sumasry  of  ths 
strsss  analysis  Is  presented  in  Table  2-2  for  the  injector  and  thrust  chambtr 
raglonu  Indicated  in  Figure  2-j.  The  stress  analysis  was  based  on  a  stcady- 
sCsCa  pressure  of  600  psi  in  the  injector  at d  chsmher  with  the  engine  at 
ambient  temperature.  The  r.hanber  will  withstand  300  pal  with  a  factor  of 
safety  of  approximately  4  in  all  regions  except  at  the  weld  connecting  the 
long  welding  neck  flange  to  the  dome  (Figure  2-5)  where  the  factor  of  safety 
Is  2.0  . 


(0)  The  thrust  chamber  was  fabricated  from  United  Ststea  Steel  T-1  ateel 
alloy  In  all  arcaa  except  the  long  welding  neck  flange,  which  waa  ASTM 
A-lSl  carbon  ateel.  The  T-1  ateel  alloy  waa  selected  for  use  In  the 
chamber  because  of  Its  relatively  high  strength  (approximately  100,000  pal 
yield  strength)  and  low  cost.  The  dome  and  plate  acetiona  of  the  chamber 
are  0.5  Inches  thick,  except  In  the  throat  region,  which  haa  a  minimum 
thickness  of  Q.S  inchea.  The  allowable  run  duration  at  full  thrust 
conditions  la  approximately  2.0  seconds  to  limit  chamber  throat  erosion. 
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(n)  Tb«  tbniat  aount  conalsta  of  •  skirt,  wsldsd  to  tbs  cyilodrlcsl  tkmt- 
bsr  iscclea,  which  Is  wsldsd  to  s  clog  contsinlns  ths  aountlaf  hols  bolt 
clrels.  This  thrust  nount  conflturstlon  dlstrlbutss  ths  losd  ualforBl7» 
This  typs  of  thrust  aount  is  slso  lowsr  in  cost  than  s  brsckst  aouat. 


2.2.1  Enains  Opsrstlon 


(U)  Coabvisclon  is  initlstsd  by  opening  sn  8  inch  facility  OKidissr  valve 
(propsllaut  valves  are  not  supplied  with  ths  TCA)  so  as  to  orovlds  a 
positive  oaldissr  lead.  Oxidissr  enters  ths  injector  through  an  8  inch 
diaastsri  300  lb  ASA,  welding  neck  flange  located  on  the  Injactor  cantor- 
line  and  flows  through  the  oxidissr  tubs.  Ths  oxi'^iier  flow  is  turned  90* 
by  ths  contoured  pintle  tip  and  is  injected  radially  throiigh  aultlpls  ori¬ 
fices  in  the  oxidissr  orifice  ring. 


(U)  Fuel  aacare  the  injector  through  s  6  Inch  disaster,  300  lb  ASA,  wald- 
Ing  neck  rlange  where  it  flows  into  s  manifold  fabricated  froa  four  6  inch 
dlaataCer,  90*  elbows  of  schedule  80  pipe.  The  fuel  flows  through  eight, 

3  inch  dlaaeter,  distribution  orifices  equally  epaced  around  the  outer  fuel 
Jacket  into  an  internal  planum.  Fuel  is  injected  into  Che  combustion 
chamber  as  a  hollow  cylindrical  sheet:  Che  fuel  sheet  impinges  with  the 
radial  oxidissr  streams  approximately  2.S  inches  frem  the  fuel  orifice. 
Since  the  propellants  are  hypergolic,  combustion  Cakes  place  upon  contact 
of  the  fuel  with  the  oxidizer. 


(U)  After  1.3  to  2,0  seconds  of  operation  both  facility  propellant  valves 
are  closed  and  combustion  ceases.  The  injector  manifolds  were  then  purged 
with  gaseous  nitrogen  end  the  engine  wee  ready  for  Che  next  test  firing. 


2.3  COMPOHEtrr  DESIGN  -  DEVELOPMENT  INJECTOR 


(U)  Ths  design  of  the  development  Injector  assembly  (X403829-1}  is  shown 
as  Figure  2-6.  (Figure  2-7  shows  the  Injector  during  final  asseably.) 
Oxidizer  enters  the  Injector  through  en  8  Inch  diameter,  300  lb  ASA,  weld¬ 
ing  neck  flange  located  on  the  Injector  centerline  and  flows  through  the 
oxidizer  tube  X403829-6.  The  oxidizer  flow  le  turned  90*  by  the  contoured 
pintle  tip,  X403830-1  end  Is  Injected  radially  through  both  primary  end 
eecondery  orifices.  The  pintle  tip  eseembly  (X404408),  coneletlng  of  the 
pintle  tip  (X403830-1),  oxidizer  orifice  ring,  and  ablatlva  protection  for 
the  pintle  tip  wee  attached  to  the  Injector  center  body  by  meana  of  a  but- 
treaa  thread.  The  pintle  tip  aaacsdily  was  pinned  to  tha  center  body  to 
prevent  rotation.  Figure  2-8  la  a  photograph  of  tha  Injector  centerbody 
ahowlng  the  buttreaa  threada  and  suichlnad  fuel  matarlng  surface. 

(U)  fuel  entera  the  injector  through  e  alnglt  6  Inch  dleoeter,  30Q  lb  AilA., 
welding  neck  flange  where  It  flows  into  i  manifold  fabricated  from  four, 

6  Inch  diameter,  90*  elbowa  of  achedule  80  pipe.  Fuel  flowa  through  eight, 
3  Inch  diameter  dlatrlbutlon  orlflcee  equally  epeced  around  tha  outer  fuel 
Jacket  Into  an  inttiTial  planus  created  by  tns  fuel  jacket  and  tha  fusl 
ateeve.  fuel  flowa  from  thla  plenum  Into  the  annular  opanlng  created  by 
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rigur*  2-7  •  250,000  Ibf  Thrust  Kltturc  2-8.  250,000  Ib^  Thrust 

O«v«lopnanc  Injector  Assembly  (U)  Development  Injector  Centerbody  (U) 

(U)  th*  fu«l  Jacket  (Figure  2-9)  and  the  Injector  centerbudy.  Fuel  la 
Injected  Into  Che  conbust Ion  chamber  as  a  hollow  cyllndrirsl  sheet  through 
Che  anttulsr  orifice  created  by  the  tmachlncd  surface  on  the  Injector  center- 
body  and  Che  fuel  acterlng  orifice. 

(U)  The  devalopnent  Injector  design  allowed  rapid  change  of  both  fuel  and 
oxldlxer  orifices  without  removing  the  Injector  from  the  test  stand.  0x1- 
dlxcr  orifices  of  3b  and  48  Injection  elements  were  evaluated  during  the 
Injector  development  program.  Table  2-1  gives  a  brief  description  of 
both  the  fuel  and  oxidizer  orifices  and  the  test  series  and  firings  on 
which  they  were  used. 

(U)  Tha  design  criteria  used  for  airing  the  flow  passages  of  the  dcvalop- 
■ant  injector  is  given  as  Appendix  D. 

2.3.1  Fuel  Orifice 

(U)  Four  fuel  orificea  (X401B32)  were  fabricated  during  the  couisa  of  tha 
davelopiMnC  program.  The  Initial  fuel  orifice  (X403832-3)  was  machined  to 
provide  a  ncmlnal  annular  fuel  opaning  of  0.250  inch,  ±  .010  inch,  when 
aaeambled  into  tha  X403829-1  davcloptsent  injector  eaacnbly.  The  clean-up 
diaaetar  of  tha  XA03829-9  outar  oxidlxar  tuba  wae  12,733  inch  whila  the 
I.D.  of  the  initial  fuel  orifice  ring  (X403832-3)  waa  13.225  Inch.  Tha 
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rigur*  l-'h  250,01)0  Ibj  Thruat  Injector  Fuel  Jacket  AaaemblyCU) 

annular  op«ninfi  aa  Bcaaureii  prior  to  delivery  of  the  development  injector 
waa  0.246,  ^  .001  inch,  Thi»  reaulted  in  a  fuel  injection  area  approxl- 
Mataly  3  peTcent  leaa  than  the  deaiKn  flow  area.  Tlie  X403B32-3  fuel  ori¬ 
fice  ring  waa  uaed  on  teat  flrlnga  11-15,  only. 

(U)  Tha  aacond  fuel  orifice  riOK  waa  machined  to  provide  a  nominal  0.200 
inch  annular  opening.  The  X403AJ2-^  fuel  orifice  ring  I.D.  waa  machined 
to  a  nominal  13.120  Inch  which  reaulted  In  an  annular  fuel  opening  of 
0.201  Inchea  at  7  of  8  placea  around  the  circumference  of  the  opening. 

Tha  eighth  meaaurement  indicated  an  opening  of  0,197  Inchea.  The  X4U3832-4 
fuel  orifice  ring  waa  uaed  on  teat  flrlnga  16-46,  Inclualve. 

(U)  IVo  additional  fuel  orifice  ring*  (X40}fl32-5)  were  fabricated  and  de¬ 
livered  to  the  AFRPL.  These  fuel  orifice  rings  were  flnlah  machined  with 
the  exception  of  the  I.D.  which  waa  left  at  the  atock  diameter  of  12.B7b 
inchea. 


2.3.2  Pintle  Tip  Aaaembly 

(U)  Tha  pintle  tip  asaembllea  (XA04408)  were  built  up  fro*  the  oxldlier 
orifice  ring,  X40383O-1  pintle  tip,  and  ablative  material  aa  required  to 
fora  the  configuration  ahown  In  Figure  2-1(1  six  pintle  aeaeanbllaa,  conals- 
Clng  of  five  separata  oxldlxer  orifice  rings,  were  designed.  In  addition, 
the  orifice  ring  employed  In  the  X404408-1  aaaembly  waa  aK>dlflcd  on  two 
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rigure  2-U  tnltlal  OxlJlzirr  and 
ru«l  Orl  f  U«  Rlnti*  (U 


(U)  occacloaa.  Thv  oxldlxcr  orlfica 
ring  conf Igurat Iona  ara  daacrlbad  in 
tha  following  aacCiona.  Tha  initial 
oxldlzar  orlficaa  wara  Mchinad  into 
tKa  blank  ring  ualng  convantional 
killing  aachlna  aqulpwtnt.  The  ad¬ 
ditional  three  orifice  conf Iguratlona 
were  aachlned  Into  the  blank  ringa  by 
an  electrical  dlacharge  Mchinlng 
(IXH)  proceaa.  ElOH  produced  karx 
unlfork,  higher  quality  orlflcea  at 

a  reduced  cost  when  cokpared  with  con¬ 
ventional  killing  of  the  orifices. 

(V)  folliiwlng  delivery  of  the 
oxldlxer  orifice  rings  by  tha  fabri¬ 
cator  the  X401.H11-1  pintle  tip  was 
welded  to  the  orifice  ring  and  the 
ablative  protection  was  applied  to 
the  pintle  tl| .  Haveg  41-F  cement 
woe  used  for  all  five  pintle  tip 
aaseoblles.  Haveg  41-K  cement  Is  an 
asbes t c'H-pheno  1 1  c  mixture  which  le- 
qulrrs  an  acid  catalyat  to  cause  the 
mixture  to  set. 


<V)  Figure  2-11  1**  «  closeup  photo¬ 
graph  of  the  Initial  pintle  tip 
sasmblv  (X40440H-1)  and  fuel  orifice 
ring  <X40)ni2-3)  an  ansembled  Into 
the  injector  development  assembly 
<X40)»29-1). 


2. 1.2.1  OxLdUer  Orlftcs  No.  1 

(U'  The  Initial  replaceable  oxldlier  orifice  ring  which  was  fabricated  for 
the  development  Injector  (X403H2'»-11  was  a  lb  element  configuration  01 
(X40)a]l-l.  "A"  change)  as  shown  In  Figure  2-12  This  configuration  was 
selected  because  It  Is  nearly  Identical  to  oxldlxer  orifice  configuration 
employed  on  the  original  TKW  2^0,000  Ib^  thrust  injector  (X403bb6)  which 

was  used  In  the  facility  checkout  firings  (Testa  1-10)  at  the  High  Thrust 

Test  Facility  (l-}6). 

(U)  Tha  characteristics  of  the  two  oxldlxer  orifice  configurations  are  shown 
In  Figures  2-13a/2-l3b  snd  are  tabulated  In  Table  2-4,  As  noted  in  Table 
j^only  ona  major  change  was  made  to  the  X403831-1  (f’l )  oxidizer  orifice 
ring  when  compared  wltii  the  oxldl'o;  orlfWo  ring  used  In  tie  original 
TRW  2)0,000  lb(t  thruat  injactcr.  The  only  aignifirant  change  made  in  the 

Initial  development  Injector  oxldlxer  orifice  ring  was  In  the  wall  thlck- 

neaa  of  tha  orifice  ring.  The  wall  thickness  was  Increaaed  from  0.2)  Inch 
to  approxlaately  0,)0  Inch  to  accoirssodste  the  American  Standard  Buttreas 
thread  which  was  used  to  make  the  orlflc  rings  replaceable. 
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rigur*  2-n«.  DavalapoMnt  Injector  (01)  Oxidlxer  OrLflc*  Ring  (U) 


figure  J-lJb.  ChacKout  Injector  Oeldlier  Orifice  Ring  (U) 
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(U)  The  orlflcea  (36  prlaary  plua  36  aacondarjr)  In  tha  Initial  oxldlsar 
orltlca  ring  wart  nachlnad  Into  the  blank  ring  ualng  conventional  nllling 
operatlona.  The  neaaureaent  of  the  72  individual  orlficee  In  the  oxldleer 
orifice  ring  were  Bade  ualng  “go/no  go"  gagee.  The  aeaeurenenta  wera  then 
checked  with  venler  callpere  to  aacertaln  the  actual  dlaenalona  of  all 
orlficee.  The  aeaaurceent  record  la  ehown  ae  Table  2-S.  A  total  of  aaven 
ouC*''f-tolaranc<*  laeajurcaente  (out  of  180  aeaeureaente)  were  obaerved.  An 
estloaCe  of  the  Injection  area  change  baaed  on  the  actual  aeaaureaente  in- 
dlcataa  an  Injection  area  one  (1.0)  percent  greater  than  the  dealgn  Injection 
area  (13.4  In^). 

(U)  The  predicted  oxldleer  Injection  uP  for  thla  Initial  configuration  la 
ahovn  In  Figure  2-14  aa  a  function  of  the  voluaetrlc  flow  rete.  Actual  teat 
data  for  teat  flrlnga  *1-17  la  alao  ehown  for  cowparatlva  purpoaea.  The 
oxldlier  orifice  ring  waa  water-flowed  at  AFRPL.  Two  data  polnte  were 
taken;  theae  are  ahown  on  the  daahed  line  In  Figure  2-14, 

2. 3. 3. 1.1  Modification  A  to  ffxldlxer  Orifice  Wo.  1 

(U)  The  Inltlel  teat  flrlnga  with  the  X404408-1  Plntla  Tip  AaaaablF 
(X403831-1  "A”  change,  orifice  ring)  Indlcetcd  exceaalvo  penetretlon.  On 
16  Decead>er  1960  a  aeetlng  waa  held  at  AFIUTL  to  review  the  teat  reeulta 
froB  teat  flrlnga  11-17  and  to  invaetlgate  varloua  neana  for  aodlfylng  the 
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(U)  okiiliar  orlflc*  ring  to  lacroAM  cho  apAco  factor  |(U  A  U  )/Uli  a  lOOtji 
It  waa  Aaelia^  to  ra«Mrk  oaly  Um  prlaar;  orlflcaa  ky  laeraSalas*cka  W  to 
0.S84  (froa  0.450  lacfa)  tBO  by  uatnt  a  S/10  lack  aa4  mill  aa  ahoM  Is^ 
Fitura  l-IS.  Thla  lacroaaaO  tka  total  lajactloa  area  to  14.00  aa  la- 
craaaa  of  7.2  parcaat.  Ika  parcaotaaa  of  aacocidary  flow  OaccaaaaO  to  ^MS 
{Hircaat.  Tbla  changa  dacraaaad  tha  d-’To/ATf  ratio,  at  tha  daalgn  coodltioM, 

froa  2.15  to  1.05. 

(U>  tha  prtdlctad  oxldliar  lajactloa  AP  for  this  configuration,  vlth  tha 
pradlctad  fual  Injection  AP  for  tha  X4038S2-4  fual  orlflca  rlag  Is  ohovn 
la  rigura  2*16  aa  a  function  of  volunatrlc  flow  rata.  Actual  taat  data  for 
t«at  flrlaga  10>23  Is  shown  as  tha  solid  points  on  Figure  2-lo. 

2 . 3 . 2 . 1 . 2  Modification  B  to  Oxldltar  Orlflca  Mo.  1 

(U)  After  cast  firing  23  tha  X404400-1  Pintle  Tip  Aasa^ly  (aodlflad 
X40  3831-1  “A"  change,  orlflca  ring)  waa  racumad  to  TIU  for  rework  of  the 
secondary  osidliar  orlflcaa.  Tha  “B**  ■odlllcatlon  to  ths  X403S31-1  oxldl- 
s«r  orifice  ring  consisted  of  lengthening  tha  secondary  orlflcaa  by  0.100 
Inches  as  shown  In  Plgura  2>17.  This  aodlflcatlon  Increaaad  tha  total 
Injection  area  to  14,90  s<}.  Inchaa.  an  Incraase  of  2.0  percent.  The  per¬ 
centage  of  secondary  flow  Increased  froa  9.85  percent  to  11. 45  percent. 

Thla  change  pemlttad  Invest  Iget  ion  of  (I)  the  perrenisse  of  eecondery 
flow  (Itea  2,  page  2-2)  end  (2)  location  of  eecondary  oaldlter  orlflcaa 
(Itea  5,  page  2*2). 


2. 3. 2. 2  Usldlier  Orifice  So.  2 

<U)  One  of  the  sajor  Injector  parasetere  to  be  Invaatlgated  in  tha  Injec¬ 
tor  davelopisent  program  was  the  ntaiber  of  osldlisr  slsaents.  A  48  slaawnt 
oxldlxer  orifice  ring  (48  prlaary  plus  49  aerondsry  orlflcee)  waa  deelgnad 
(TKW  X40410;)  and  fabricated.  IMs  dealgn  Is  shown  as  Figure  2-18.  Baaed 
on  dace  froa  teat  firings  11-17  only,  the  spec*  factor  (Wp  ♦  W,/UW  s  lOOX) 
was  Increased  to  67.2  percent,  as  censpered  to  48.5  percent  for  the  original 
repteceabte  cxtdlxer  orifice  ring.  Pertinent  charscteristlca  of  the  nvnhcr 
2  osldlier  orifice  configuration  are  tabulated  sa  Table  2-6.  The  charsr- 
tarlatlca  of  the  g40J8)l-l  osldlier  orifice  ring  ere  ehoun  for  coetparlaon. 

(U)  The  orl'lcea  (48  prlaarr  plus  48  eecondary)  In  the  X404107-1  "A"  change 
oxidise*  orifice  ring  were  aachlned  Into  the  blank  ring  using  electrical 
dlacherge  aachlnlng,  Two  CDM  pass.’s  were  used  on  each  orifice.  On  the 
prlaary  orifices  a  roughing  past  va*  flret.  aeda;  the  electrode  wee  then 
d'essed  off  end  a  final  pass  made  through  the  orifice.  The  finish  peaa 
electrode  was  then  used  sa  the  roughing  electrode  for  the  neat  orifice. 

The  eecondary  orlflcaa  were  aachlned  using  EDM  as  described  in  Section 
2. 3. 2. 1.2.  The  Individual  orifices  were  Bsesured  using  vernier  csltpers. 

The  unlforalty  of  the  96  Individual  orifices  Is  apparent  In  the  tabulation 
of  the  engineering  aeeeureMnts  ehown  In  Tebla  2-7.  The  Indicated  oxldlxer 
Injection  area  Is  lees  then  one-helf  percent  greater  then  the  design  injec- 
Clon  area. 
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T«bl«  2-4.  CbarACCCtlstlc*  of  Oxl<ii««r  Orltlco  Rlnc  i  (U) 


1 _ 2i _ 

02 

Injactlon  Araa,  Tn^ 

13.00 

Primary  Orlflca.  A  .  In^ 
op 

12.44 

Sacondary  Orlflca,  4^.  In^ 

1.36 

Utolt  Width,  UU.  In. 

1.11 

0.830 

Primary  Orlflca.  U^.  In. 

0.450 

0.473 

Sacondary  Orlflca,  W^,  In. 

0.013 

0.083 

OW-M^,  in. 

0.66 

0.353 

Spaca  factor,  (U  a  U  /UU  a  lOOZ) 

P  a 

48.1 

67.2 

Parcant  U  ,  (U  /LV  a  iOOZ) 

40.5 

57.2 

P  P 

Parcant  Sac.  Plow,  A  /A  .  ■  lOOZ 
oa  ot 

10.58 

9.85 

fuel  Sh««c  ThlckA««a.  t.  .  «  In* 

Ion 

0.245 

0.201 

fah  p 

0.372 

0.565 

Sacondary  Orlflca  Satback,  In. 

0.400 

0,305 

(U)  Tha  pradlctad  oildtiar  Injactton  wf  for  thla  confliuratlon  la  shown  In 
fl|ura  2-19  aa  a  function  of  cht  voluMtrlc  flow  rata.  Ttila  rlnt  wa«  aaaaa- 
blad  Into  tha  Flntla  Tip  AaaoablT*  Fliura  2-20,  and  flrad  In  con¬ 

junction  with  th«  >403832-4  fuat  orlflca  rln^i  on  taat  firings  24-29  and 
40-42.  Actual  Injaetlon  praaaura  losaao  racordad  during  thaaa  firings  ara 
shown  on  rigurs  2-19  for  coaparstlvs  purpoaaa. 

2. 3.2.3  Onldliar  Orlflca  So.  3 


(U)  Tha  third  oaldliar  orlflca  configuration  fabrlcatad  and  taatad  was  tha 
>404047-1  ”4"  changa  shown  as  Flgura  2-2L,  This  configuration  Is  a  36  alaiaant 
configuration  (36  prlsMrp  plus  36  aacondary  orlflcaa)  with  tha  bsm  apaca 
factor  (Wg  *  Ug/lV  X  lOOT)  aa  tha  ho.  2  oxldlrar  orlflca  configuration  to 
allow  a  dlract  cowpariaon  with  tha  last  rasulta  <;btalnsd  with  tha  46  alamant 
configuration  (>404107-1).  fartlnant  charactarlatlca  of  tha  nunhar  3  oxl- 
dlsar  orlflca  configuration  ara  tabulatad  as  Tahla  2-8. 

(U)  Tha  orlflcaa  (36  prlnary  plus  36  sacondary)  wars  nachlnad  Into  tha 
blank  ring  ualng  alactrlcal  dlacharga  nachlnlng  ualng  procaduras  Idantlcal 
to  thoaa  daacrlbtd  In  Ssctlon  2. 3. 2. 2.  Plgura  2-22  la  a  photograph  of  tha 
flnlshad  part  prior  to  aaaanbly  Into  tha  X40440S-3  Plntla  Tip  Aaaanbly. 

Tha  Individual  orlflcaa  wars  SMaaurad  ualng  varnlar  callpara.  A  tabulation 
of  anglnaarlng  Msaurananta  for  tha  individual  orlflcaa  la  ahown  In  Tabla  2-8. 
Tha  Indlcatad  oxldliar  Injactlon  araa  la  approxlaiataly  ona-half  parcant  laaa 
than  tha  daalgn  Injactlon  araa. 
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ur«  FrcdlcraJ  Injection 

Frataur*  Loaaaa  (01/72)  (t;) 


Flgura  2-22  X404047-1  Oaldliar  Orlflra 

Flng  (02)  (Photo  7711h-(,9)  (V) 
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Tsbla  2-S.  Charactarlaelca  of  Oaldliar  Orlflca  Unco  3  and  4  (U) 


03 

04 

2 

Injection  Area.  A^^.  In 

13.913 

14.90 

Prlnary  Orlflca,  A^^,  la^ 

12. 6S 

13.45 

Secondary  Orlflca,  A^,  In^ 

1.235 

1.43 

Unit  Width,  UU,  la. 

1.112 

1.112 

Prlnary  Orlflca,  U^,  In. 

0.633 

0.390 

Secondary  Orlflca,  W^,  In. 

0.0963 

0.106 

UW-U  ,  in. 

P 

0.477 

0.322 

Space  Factor.  (U  -f  U  /UW  x  lOOX) 

P  • 

66.0 

62.6 

Percent  W  .  (U  /UU  x  lOOX) 

P  P 

57.1 

34.1 

Utcmtxt  S«Ca  riow»  A  /A  ^  X  lOOX 
ox  oc 

8.S6 

9,75 

Fuel  Sheet  Thlckneaa  In. 

0.201 

0.201 

0.422 

0.385 

Secondary  Orlflca  Satback.  In. 

0.300 

1.000 

(U)  Tha  pcadlccad  oxldliar  Injactlon  AP  for  tha  configuration  la  ahown  in 
Flguca  2-23  aa  a  fia>.cClon  of  tha  voluaatrlc  flow  rata.  Thla  ring  waa  aaaaa- 
blad  Into  tha  X40440&-3  plntla  tip  aaaoably  and  flrad  In  conjimctlon  with 
tha  X403832-4  fual  orifice  ring  on  taat  flrlnga  3S  and  36.  Actual  Injac- 
tlon  praaaura  loaaaa  racordtd  during  Chaaa  flrlnga  ara  ahown  on  Plgura  2-23 
for  conpacatlva  purpoaaa. 

2. 3. 2. A  Oxldlaat  Orlflca  Ho.  4 

(U)  Tha  fourth  onldlzar  configuration  fabricated  (but  not  taatad)  waa  tha 
XA039A6-1  "a"  change  ahown  aa  Plgura  2-2U.  Thla  configuration  la  a  36  ala- 
■ant  c'mflguratlon  (36  prlaary  plua  36  aacondary  orlflcaa)  with  eaaantlally 
tha  aana  orlflca  ahapaa,  apaca  factor  (Wp  +  Un/UW  x  lOOT}  and  total  Injac- 
tlon  area  aa  tha  "B"  nodlflcation  of  tha  X403831-1  oxldlxar  orlflca  ring. 

Tha  najor  change  In  thla  configuration  la  In  the  aatback  of  tha  aacondary 
orlflca.  Tha  aatback  waa  Incraaaad  to  1.00  Inch  from  the  0.30  Inch  aatback 
uaad  on  tha  X403831-1,  ”B*'  Bonification,  orlflca  ring.  Partlnant  charac- 
tarlatlca  of  the  nuabar  4  oxldlxar  orlflca  configuration  ara  tabulated  aa 
Table  2-6. 

(U)  Tha  orlflcaa  were  aachlnad  Into  the  blank  ring  ualng  electrical  dla- 
charga  aachlnlng  procaduraa  which  have  beau  daacrlbed  prevloualy.  A  tabu¬ 
lation  of  engineering  aoaauraaenta  for  tha  Individual  orlflcaa  la  ahown  aa 

*1. 
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(U)  Table  2-9  1404047  -A"  Oxidizer  Orifice 
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(U)  Figure  2-23.  Predicted  Injection  Freaeure  Loea  (U) 

UNCLASSIFIED 


UNCLASSIFIED 


Figure  2-24.  X403946  Oxldlrer  Orifice  »lng  Vo.  *  (U> 


UNCLASSIFIED 

T«bla2-lU.  Tht  (ndlcatad  oxldisar  lajactlon  «r«a  is  nearly  identical  to  the 
Injection  area  of  the  X403831-1,  ’*8**  aodlflcatlont  orifice  ring.  TIte  pre¬ 
dicted  0x1  tier  Injection for  thla  configuration  la  ehoem  In  Figure  2-25 
an  a  function  of  the  volunetrlc  flow  rate. 


(U)  Thla  ring  waa  aaianblad  Into  tha  X404408-4  Pintle  Tip  Aaaenbly  aa 
ahown  in  Plgura  2-26*  Thla  pintle  tip  aaaead>ly  waa  not  fired  during  tha  In¬ 
jector  developnent  program. 


Predicted  Injection 
Preaaure  Loos (U) 


Plgura  2-25 
2. 3. 2. 5  Oxidleer  Orifice  No.  3 


\<wl/  n«i«  WAm.Kaa.*5n  C&a.4A«.«  %bw*  tAUm%a  AiM  aCCb&Un  ^aJe^eM  VM  aCSlgllCa  tO 

operate  with  a  back  orifice  ring  (X404480-1)  aaaenblcd  Into  the  X404408-5 
Pintle  Tip  Aaaembly.  Figure  2-27  la  a  photograph  of  the  back  ring,  X404480-1 
Inatalled  Inalde  of  the  X403946-1,  oxidizer  orifice  ring.  The  purpoee  of 
the  back  ring  waa  to  tncreaae  the  L/D  of  both  primary  and  aecondary  ori- 
flcea  by  provldlr^  a  flew  channel  for  the  oxidizer  prior  to  injection. 


(U)  The  component  parta  for  the  X404408-5  Pintle  Tip  Aaaembly,  l.e.,  the 
X40440&-4  Pintle  Tip  ilaacably  and  the  X404480-1  Oxidizer  Back  Ring,  were 
delivered  to  the  ATKFL  and  tha  final  aaaembly  waa  made  at  the  AFRFL.  Tack 
welJa  were  uaed  to  retain  the  back  ring  in  Ita  proper  orientation.  Thla 
configuration  waa  teated  on  tent  firing  44  and  45. 
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XA03946  “A”  Oxidlutr  Orifice 


risur«  2-27.  X404(i0»-3  Pincl<i  Tip  Asttmbljr 

Showin  (  X404480-I  Back  Oxldltar 
Rlnt  (U) 

2. 3. 2.6  Oxldltar  Orifice  No.  6 

(U)  Th«  alxzh  oxldltar  conf Isuratioa  fabricated  wax  the  X404108-I  ahown 
la  Flitura  2-28.  Thli  conf iRurat Ion  la  a  48  elaaenc  conf lgur«cion  (48 
prlaary  plua  4d  secondary  orifices)  with  essentially  the  same  orifice  shape 
factor  (V  >  X  lOOZ)  as  Che  "B"  modif Icaclcn  to  the  X403631-1  oxldlxar 

orifice  ring.  The  percentage  of  secondary  flov  was  reduced  from  a  nominal 
10.0  percent  to  4.8  percent  of  the  total  flow.  Pertinent  characteristics 
of  the  number  6  oxidizer  orifice  configuration  are  tabulated  In  Table  2-11. 

(U)  The  orifices  were  machined  into  the  blank  ring  using  electrical  dis¬ 
charge  machining  procedures  which  have  been  described  previously.  A  tabu¬ 
lation  of  engineering  meaaurcinents  for  the  individual  orifice  is  shown  aa 
Table  2-12.  rhls  orifice  ring  configuration  waa  utilized  on  test  firings 
108,  109  and  110. 

2.4  CO>fPONEMT  DESIGN  -  DEMONSTRATION  INJECTOR 

(U)  The  design  of  the  deoonatrntlon  injector  assembly  (X404056-1)  is  shown 
as  Flgurt  r-2R.  Figure  2-29  shows  the  Injector  during  final  asecinbly  prior 
to  shipment  from  L.  U.  LeFort  Co.,  Anaheim,  California  to  AFRTL.  The  in¬ 
jector  assembly  is  nearly  identical  to  the  development  injector  sasembly 
(X403B29-i)  described  in  Section  2.3.  The  major  change  in  the  demonstration 
Injector  design  from  the  development  Injector  is  the  Incorporation  of  the 
oxidizer  orifice  ring  into  the  centerbody  assembly  by  welding  rather  than 
by  means  of  a  buttress  thread. 

(U)  Oxidizer  enters  the  injector  through  an  S-lnch  diameter,  300  lb  ASA, 
welding  neck  flange  located  on  the  injector  centerline  and  flows  through 
the  X404056-9,  oxidizer  Cube.  The  oxidizer  flow  is  turned  90*  by  the  con¬ 
toured  pintle  tip,  X403C30-1  and  is  injected  radially  through  both  primary 
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FIgu-e  2-28.  X40<1108-1  Oxldlrer  Orlflct  Ring  (06)  (u) 
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T«bl«  2-11.  Ch«ract«rlsMc«  ot  Oxidizer  Orlilcc  Binga  4  end  6  (U) 


04 

06 

2 

Injection  Area,  A^^,  In 

14.90 

12.97 

Primary  Orifice,  A  ,  in^ 
op 

13.43 

12.34 

2 

S€condary  Orifice,  la 

1.45 

0.63 

Unit  Width,  UW,  In. 

1.112 

0.834 

Primary  Orifice,  W^,  In. 

0.590 

0.419 

Secondary  Orifice,  W^,  In. 

0.106 

0.080 

UW-W  ,  in. 

P 

0.522 

0.415 

Space  Factor,  (W^  +  W^/UW  x  lOOX) 

62.6 

60.0 

Percent  W^,  (W^/UW  x  1002) 

54.1 

50.3 

Percent  Sec.  Flow,  A  /A  .  x  lOOZ 

9.75 

4.80 

Fuel  .‘Sheet  Thickneso,  In. 

0.201 

0.201 

0.385 

0.497 

Secondary  Orifice  Setback,  In. 

1.00 

0.545 

and  aacondary  orlilcao.  The  oxidizer  orifice  ring  employed  In  the  demon- 
atraclon  injector  waa  baaed  on  teat  reaulta  obtained  In  the  Injector  de¬ 
velopment  phaae  of  the  program.  The  orifice  ring  contalna  36  elementa 
(primary  orifice  plua  aacondary  orifice)  and  la  deacrlbed  In  Section  2. 4. 1.1. 
The  pintle  tip  la  protected  with  ablative  material  (UAVEC  41F)  cement. 

UAVEG  41-F  cement  la  cn  aebeatoa-phenollc  mixture  which  uaca  an  acid 
catalyat  to  cauea  the  mixture  to  aet. 

(U)  The  fuel  enters  the  Injector  through  a  single  6  inch  diameter,  300  lb 
ASA,  welding  neck  flange  where  It  flows  Into  x  manifold  fabricated  from 
four  6  Inch  diameter,  90*  elbows  of  schedule  80  pipe.  The  fuel  flows 
through  eight,  3  Inch  diameter,  distribution  orifices  equally  spaced  around 
the  outer  fuel  jacket  (X404056-10)  into  an  Internal  plenum  created  by  the 
fuel  jacket  and  fuel  sleeve  (X403B33-1).  Fuel  flowe  free  this  plenum  Into 
the  annular  opening  created  by  Che  fuel  jai  et  and  Injector  centerbody. 

Fuel  Is  injected  Into  the  combustion  chamber  aa  a  hollow  cylindrical  sheet 
through  the  0,200  inch  annular  opening  created  by  the  machine  surface  on 
the  Icjector  centerbody  and  the  fuel  metering  orifice  (X403832-1) . 
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(U)  Table  2-12.  X404108  Oxidizer  Orifice  Ring 
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rigura  2-’«.  Xt04056  230,000  Ibf  Thruat 

naaooatratlcm  Injactor  Aaaa«bly 
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2.4.1  Pintle  Tip  Aa«»mblv 

(U)  The  pintle  tip  eeseBbliec 
(X404280-1)  ere  built  up  from  the 
oxldlscr  orifice  ring  <X404693-1}.  the 
X403830-1  pintle  tip  end  ebleclve 
aeterlel  ee  required  to  form  the  con¬ 
figuration  shown  In  figure  2-31.  The 
orifices  In  th*^  oxldlter  orifice  rings 
were  machined  Into  the  blank  rings  by 
en  electrical  discharge  machining  (EDM) 
process.  EDM  produced  more  uniform, 
higher  quality  orifices  at  a  reduced 
cost  when  compared  with  conventional 
milling  of  the  orifices. 

(U)  Following  delivery  of  the  oxldi- 
ler  orifice  ring  (from  the  EDM  fabri¬ 
cator)  (he  X40383U-1  pintle  tip  was 
welded  to  the  orifice  ring  and  then 
welded  to  the  injector  centerbody. 

The  ablative  protection  was  then 
applied  to  Che  pintle  tip.  The  LcFort 
Co.  applied  the  HAVEtj-41F  cement  to 
the  tip.  HAVF.G-41F  cement  was  used 
for  all  pintle  tip  assemblies.  The 
cement  is  an  asbestos-phenolic  mix¬ 
ture  which  requires  an  acid  catalyst 
to  cause  the  mixture  to  set. 

2.4. 1.1  Ring,  Oxidiier  Orifice 


(U)  Tlie  oxidizer  orifice  rings  fabrl- 
Flgurc  2-30.  Demons  tr.it  I  on  Injector  cated  for  the  demonstration  injectors 
During  Final  Assembly  were  made  to  TRW  drawing  X404693-1  as 
(U)  shown  in  Figure  2-32,  This  configur¬ 

ation  was  selected  on  the  basis  of 

test  results  obtained  in  the  Injector  development  test  program.  The 
X404693-1  configuration  (36  primary  orifices  plus  36  secondary  orifices)  is 
based  primarily  on  the  OlA  configuration  (Section  2. 3. 2.1.1)  tested  during 
firings  18-23. 


(U)  The  pertinent  design  characteristics  of  the  X404693-1  oxidizer  orifice 
configuration  arc  tabulated  as  Table  2-13,  The  design  rharacterls'^  1  cs  of 
the  OlA  oxidizer  orifice  ring  are  shown  for  comparative  purposes,  fwo 
■ajor  changes  are  evident;  the  total  oxidizer  injection  area  has  been  in 
creased  to  13.97  aq.  inches,  while  the  percentage  of  secondary  flow  haa 
been  decreased  to  9.1  percent  of  the  total  flow  area.  This  change  resulted 
In  an  oxidizer  injection  .3  P  of  100  psi  at  the  design  operating  point. 
Operation  at  this  AP  had  been  demonstiatcd  in  the  injector  development 
phase  of  the  program. 
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Tabla  2-13.  ai«r«ccar^stlca  o(  X404693-1  Oxldlxar  OrKlca  ting  (U) 


Xi04693-1 

X403831-1  (“A"  change) 

2 

Injaccion  Area,  In 

15.97 

14.60 

Primary  Orlflca,  A  ,  In^ 
op 

14.53 

13.16 

2 

Secondary  Orlflca,  A^^,  In 

1.44 

1.44 

Unit  Uldch,  UU,  In. 

1.10 

1.11 

Primary  Orlflca,  U^,  in. 

0.5S4 

0.584 

Secondary  Orlflca,  W^,  in. 

0.083 

0.083 

tW-U  1  In. 

0.516 

0.526 

Space  Factor, (U^  *  x  lOOZ 

60,6 

60.1 

Parcane  W  ,  W  /UU  x  lOOZ 

P  P 

53.1 

52.6 

Parcane  Sac.  Flow,  A  /A  x  lOOZ 
os  oc 

9.1 

9.85 

Fual  Sheet  Thickness,  ,  in. 

0.200 

0.200 

0.390 

0.38B 

Sacondary  Orifice  Setback,  In. 

0.425 

0.400 

(U)  Tha  orlficaa  (36  primary  plua  36  aacondary)  In  tha  orldlsar  orlflca 
rlnga  vara  nachlnad  Into  blank  rings  ualng  an  alactrlcal  dlacharga  machining 
(EDH)  procaaa.  Two  paaaaa  of  tha  EDH  cool  wars  uaad  on  aach  orlflca>  On 
Cha  primacy  orlficaa  a  roughing  paaa  was  flrac  nada;  tha  alaccroda  was  Chan 
draasad  off  and  a  finish  pass  suida  through  Cha  orlflca.  Iha  finish  pass 
alaccroda  was  then  uaad  as  tha  roughing  alactroda  for  tha  naxt  orlflca. 

Tha  sacondary  orifices  were  nachlnad  using  Chu  EDM  process  also.  In  tha 
first  pass  tha  0.083  b/  0.600  slot  was  nachlnad  normal  to  tha  workpiaca 
aurfaca.  In  tha  second  paaa  Cha  30*  angled  faad  alot  was  aachlnsd  from  the 
Inslda  of  the  ring  leaving  the  0.030  Inch  metering  flat. 

(U)  Tha  Individual  orifices  of  each  of  Cha  three  demonatratlon  Injector 
oxidlsar  orlflca  rings  were  measured  using  vernier  calipers.  The  unifor¬ 
mity  of  the  72  individual  orifices  is  apparent  In  the  tabulation  of  the 
enginasrlng  aaaaursaencs  shown  In  Tables  2-14,  2-15,  and  2-16  for  the  three 
orifice  rings.  The  area  of  the  primary  orifices  for  the  three  rings  varies 
from  0  to  1  percent  greater  than  the  design  area.  The  secondary  oxidlsar 
flow  areas  vary  from  9.1  percent  to  9. A  percent  of  the  total  flow  area. 

This  results  In  an  oxldlser  Injection  area  which  Is  greater  than  the  design 
Injactlon  area  by  0.3  percent  for  the  S/K  002  ring,  and  by  1.5  percent  for 
tha  S/N  001  and  S/N  003  rings.  This  area  change  rceiults  in  a  predicted 
oxldlser  Injection  of  approximately  97  pel  as  compared  with  tha  design 
value  of  100  pal. 


UNCLASSIFIED 


UNCLASSIFIED 


11199>6006>U>00 

Z-50 


B 

s  s?  X  8  a  a  a  a  a  a  a  a  a  a  a  a  a  a 

oooooooooooooooooo 

fl 

UPm«99«9k9><?«aP»9^«0«0«9«0«OWdM«0 

oooooooooooooooooo 

ooooooooooodoooood 

A 

QO«O«««a«OtO««A<y««4(7^CO00W« 

oooooooooooooooooo 

fl 

waQ«dio«9<«crwcr<oooaD«ocoiOMO 

OOOOOOOOOOOOOOOOOO) 

B 

fNINr^r4r4rslM€str><«M<NfNf^fH»NMr*fN 

ooooooaoooooooooeo 

« 

g 

a 

.f  «n  </>  ••  #*1  ^  fS  *♦ 

fJOOpOOOOOOOOOOOOQQ 

OOOOOOOOOOOOOOOOOO 

u 

*o»ntnw^«-n*r'*o*rt'^)'0»^»or^  »*.rKrknjr«.. 
'n<Dco  T^  rm-ofO'ao'W'iJ'VJ''’  a^coaooow 
000000000000^^  00000 

ooooaoooooaoc>ooooo 

j. 

o  o  -r  cr)  -f  'O  »n  ^  -O  *0  r-*  X>  >0  >0 

•i)a)i}QO'jj'0(x)3)f»><v)'r)o3a9eQaooDcoao 

OOOOOOOOOOOOOOOOOO 

«a 

O  r>  -o  't  V-*  \r*  ir»  *n  ^7  '♦  'A  m  o  n 

aN'7>'r5  TJ  Tjf^Dfnunr'OOfTO'^^'TJtnooeOflO 
f^nnn<-ir*'m^r^r^r^ri'^'-nOOr>f'^ 

oooooooooooooooooo 

-< 

■Of>>^r^w*tr^f^mr»r>«rvooaDaor»fN«^hH 
r<  r«  rt  n  f«  ft  rt  n  n  f-^  -j  ^  r>4  n* 

oooooooooooooooooo 

• 

u 

g 

•J  XI 

Tl  D 

O  ir: 

^  ^  ^ 

UNCLASSIFIED 


o  o  o  o  o 

« 

®  ° 

o  O  O  o  o 

♦l+l+l-fl+l 


i/\  Q  •#  «n  o 

r4  «B  «  iO  2 
•«  tn  o  2 

I  (  •  •  • 

o  o  o  o  o 

I  I  I  I  I 

B 

*  *  -I  * 


■3 

s 
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2.S  COHPONEKT  DESIGN  -  THRUST  OUMBER 


(C)  1b«  dMlgn  point  condltiona  w«r«  usod  to  ale*  tb«  thrust  chanbsr  Tor  s 

ooisls  stSRnstioa  prssaurs,  Pn>  of  300  psls.  Tbs  chssibsr  design  Is  sbcsRi 
on  drswlng  X403646-1  (Figure  2-33}  and  Figure  2-34  Is  s  photogreph  qf  the 
second  chseber  prior  to  shlpoent  to  the  AFSPL.  The  throst  dlsMtera  D  ,  Is 
cslculstcd  as  follows:  -  rf**  u 


P  g 
o  o 


»r/4 


■4T)-  X  C*,.  H_ 
C  thso  T 


For  a  coebustlon  efficiency  of  94  percent  the  required  throat  dlaester  Is 


r4  *  0.94  *  5596  X  980 

°t  “  [  nbo  X~2:i7--J  -  26.10  in. 

The  pertinent  Internal  geoiaecry  characteristics  of  the  chaaber  design  sre: 


Throat  Diameter,  D^ 

Qiaaber  Olaaeter, 

Nozcle  Exit  Diameter,  D 
'  c 

length  of  Chamber 
Nozzle  Length 
Overall  Length 
Contraction  Ratio,  ( 

c 

Expansion  Ratio, 

Chaiober  Length /O^ 

Nozzle  Half  Angle 

L* 


-  26.1  Inch 

-  39.0  Inch 

-  52.2  inch 

-  36.5  Inch 

-  50.25  Inch 

-  96.5  inch 

-  2.22 

-  4.00 

-  0.94 

-  15* 

-  70  Inches 


2.5.1  Coad)Ustlon  Chamber 

(U)  The  conbustlon  chamber  esterlal  was  USS  T-1  steel  In  all  areas  except 
the  long  weld  neck  flange  (X403646-9)  which  la  ASTM  A-181,  Crada  II,  carbon 
steal.  The  head  (X403646-8)  is  a  2:1  ASHE  Code  elliptical  head  of  T-1 
steel,  39.0  Inch  l.D.  by  0.5  In.  wall  thickness  supplied  by  the  Universal 
Head  Co.  Joliet,  Illinois,  Ths  plats  sections  or  the  chamber  and  the  notsles 
are  0.50  Inches  thick.  In  Che  throat  region  the  mlnlnua  thickness  Is  0.8 
Inches.  The  throat  section  (X403646-3)  was  fabricated  froe  2,0  Inch  thick 
T-1  steal  plate.  The  Internal  contour  was  aachlned  with  a  tracer  laths.  The 
allowable  run  duration  at  ths  full  thrust  condition  is  approximately  2 
seconds  to  limit  Inside  surface  wall  temperatures  to  approxlmataly  1700*P. 
The  results  of  the  thermal  analysis  are  presentsd  in  Appendix  B, 


rt|ur«  J-33. 
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X403646  250,000  Ibf  Thrust 
Osvtlop^snt  Chsrhsr  Asirtsbly  (U) 
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Figure  2'*35.  Hodlflceclan  1 
and  2  to  X403646-1  (U) 


2.5. 1.1  CoabuetioQ  Chaaber  -  Hodlfi- 
catlon  1 

<U)  The  iDlclal  conbuatlon  chaabar 
dallvarad  to  the  APSPL  waa  aodlfled 
after  the  laitlal  22  teat  flrlnga. 

In  order  to  dateralne  the  effect  of 
chaaber  length  on  parforaanct  a  24  inch 
long  cylindrical  aectlon  vaa  added  to 
the  baaeline  X403646  chaaber  aa  ahown 
in  Figure  2-35.  The  cylindrical  aec- 

T~B  tion  waa  rolled  froa  1/2  inch  T-1 
("Mf*  *tMl  placet  welded t  chaafered  and 
delivered  to  the  XFXPL  for  welding 
into  the  developaent  thruat  chaaber. 
Thla  cooibuatlou  chaaber  waa  eaployed 
on  teat  firings  35-46.  101,  102  and 
108-110.  A  12  Inch  longer  chaaber 
(nodiflcatlon  of  the  facility  chccliout 
chaaber)  waa  employed  on  test  flrlnga 
33  and  34.  The  modification  of  thla 
chaaber  la  described  In  Appendix  A, 
Section  1.2. 2.1. 


(U)  Thla  chamber  waa  also  used  In  thf  checkout  of  the  S/N  001  and  S/N  002 
demonatratlon  Injectors  (X404056-1)  duilng  test  firings  72-77  and  98-100. 


2. 5. 1.1.1  Combuatlon  Chamber  -  Modification  lA 

(U)  After  teat  firing  77  a  turbulence  ring  (X404469-1)  was  welded  into 
the  lengthened  development  combustion  chaabc*r  assembly.  This  chaaber 
configuration  (X403646-14)  was  used  on  teat  firings  90-93. 

2. 5. 1.2  Combustion  Chamber  -  Modification  2 


(U)  The  second  of  the  two  original  hcat-alnk  combuatlon  chambera  dallverad 
Co  Che  AFRFL  waa  modified  in  much  the  same  manner  aa  the  initial  development 
combustion  chamber.  An  18  inch  long  cylindrical  section  was  rolled  from 
T-1  atcel  plate,  welded,  chamfered,  and  delivered  to  the  AFRFl.  for  welding 
Into  the  X403646  thrust  chamber  at  a  point  19  Inches  downstream  of  the 
thruat  plaCa.  Thla  chamber  was  not  uacd  In  any  teat  flrlnga  aa  a  heat- 
alnk  thrust  chamber. 

(U)  The  S/N  002  chamber  was  lined  with  a  luw-coat  gypaum-phenollc  Inaula- 
clon  at  ATRPL  by  personnel  of  the  Insulation  Systems  Inc.  This  lined  com¬ 
bustion  chamber  van  tent  fired  on  4  June  1969  (Teat  Firing  78)  for  ap- 
proxlaaCely  10  seconds  to  check  Injector  durability  and  material  performance. 
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2.5.2  llin»t  Hount 

(U)  The  chn«t  aouot  cooslatsd  of  a  3/8  In.  chick  aupport  ring  (2403646-6) 
fabricacad  Inm  T-1  aca«l  place  11.0  Inch  vlda  by  135.0  Inch  long,  tha 
aupperc  ring  waa  waldad  Co  cha  cylindrical  chaabar  aacclon  downaCraM  of 
cha  vald  which  connaccad  Cha  aanl-alllpClcal  head  (Z403668  8)  u>  cha  cylin¬ 
drical  chaabar  body  (2403668-5).  Shiva  wara  uaad  Co  apaca  cha  -6  aupporc 
ring  ao  cbac  a  vlnlaua  0.040  in.  claaranca  waa  aalnCalnad  bacwaan  cha  aup¬ 
porc  ring  and  main  chaabar  aacclon.  Tha  chruac  nounC  ring  (2403668-7)  waa 
fabricacad  froa  1.00  Inch  Chick  USS  T-1  acaal  placa  which  waa  waldad  co 
cha  aupporc  aklrC.  Tha  aounclng  hola  paccam  waa  20,  1-1/8  Inch  dlavacar 
holjia,  on  a  44.0  Inch  dlaaacar  bole  clrcla. 

2.5.3  InaCruaaotaClon  Porca 

(U)  Inacruaaneaclon  and  pulaa  gun  boaaea  wara  addad  Co  Cha  baalc  chruac 
chaabar  aaaaid>ly  (2403646-1)  aa  ahown  on  TBU  drawlnga  2404053-1  and 
2404097-1.  Thraa  CangcnClal  pulaa  gun  boaaaa  and  Cwo  radial  pulaa  gun 
boaoaa  ware  addad  Co  cha  coabuacioo  chaabar  aa  ahown  In  Figure  2-36.  Thaaa 
boaaaa  warn  locaCad  in  cha  aaaa  plana  approxlnaCaly  6.0  Inchaa  balow  Cha 
Inplngaaanc  plana.  Four  boab  boaaaa  wara  inacallad  on  Cha  Chruac  chaabar 
aaaaably  aa  ahown  in  Figura  2-36.  Two  of  Cha  boad>  boaaaa  wara  InaCallad 
in  the  allipclcai  haad;  Cha  oChar  Cwo  wara  addad  in  cha  conbuaclon  chamber 
aacClon. 

(U)  Four  PhoCoeon  praaaura  Cranaducar  porCa  (1.00  -  14NF-2S-2B  Chraad) 
wat^  Copped  In  cha  baalc  praaaura  ahall.  Thraa  porCa  ware  In  cha  aaaa 
plana  aa  Cha  pulao  gun  boaaaa;  Cha  fourch  pore  waa  locaCad  juac  upa Cream 
of  Cha  GonvtrganC  aacclon,  in  lino  wich  cha  180*  pore  ac  Cha  pulaa-gun 
plana.  Four  1/4-18  HFT  atandard  praaaura  porca  wara  alao  Inacallad  In  Cha 
baalc  praaaura  ahall  for  Baking  aCatlc  praaaura  maaauraaanca. 

(U)  In  addlclon  Co  Cha  praaaura  Capa  a  Cocol  of  50  charaocoupla  porca 
(1/4-18  HFT)  ware  Inacallad  aC  6  planar  locatlona  oa  ahown  on  TBU  drawing 
2404097  (Figure  2-37).  Hoc  all  of  tha  Charaocoupla  porCa  wara  uaad  on  all 
taac  flrlnga. 

2.6  ACQUISITION  COSTS 


2.6.1  Dawalo 


me  Hardware 


2. 6. 1.1  Pavalopmane  InlacCor 


(U)  Ona  complata  dawalopaane  InjecCor  aaaambly  (2403829-1),  Chraa  addl- 
Clonal  plncla  Clp  oaaambllaa,  Chraa  fual  orifice  rlnga  (2403832)  and  one 
blank  ozidlssr  srlflca  ring  (2403831}  ware  fabricacad  and  dallvarad  Co  Cha 


AFRPL.  The  otlflcaa  In  'he  InlClal  oxldlaar  orifice  ring  wara  nachlned 
InCo  Cha  blank  rlnga  ualng  convanClonal  milling  procaaaaa.  Tha  orlflcaa 
In  Cha  oxldlaar  orifice  rlnga  ua*)d  in  Cha  PlnCla  Tip  Aaaaad>llaa  (2404408) 


wara  machined  Into  blank  rlnga  ualng  an  alecCrlcal  dlecharga  machining 
(EOH)  procaaa. 
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(U)  Acqulaitlon  coata  'or  cha  davelopwant  Injector  hardware  are  tabulated 
aa  Table  2-17.  The  coata  Include  TKU  SyaCeae  Baterlal  headline  end  C&A 
chargee  but  do  not  Include  fee.  The  najor  coat  component  of  the  develop- 
Mnt  Injector  aaseobly  la  the  Pintle  Tip  Aeacmbly  (Z404408}  which  cocalfta 
of  the  oxidizer  orifice  ring,  pintle  tip  and  ablative  Inaulatlon.  The  oxi¬ 
dizer  orifice  ring  la  the  noat  costly  of  the  three  conponenta  of  the  Pintle 
Tip  Aaaeably. 

2 . 6 . 1 . 2  Coad)uatloa  Chambera 

(U)  Two  heat-Blnk  coobuetlon  chambers  were  fabricated  for  use  with  the  de¬ 
velopment  Injectors.  The  basic  coebuatlon  chambers  were  fabricated  to  T5W 
drawing  X403646.  Pulse-gun  and  boab  bosaea  were  Installed  per  TBU  drawing 
X4040S3.  The  M  thermocouple  boasea  were  located  as  shown  on  TBU  drawing 
X404097. 

(U)  The  two  diambera  ware  fabricated  by  different  fabricators;  Capital 
Westward,  Inc.,  Paramount,  Calif,  fabricated  the  S/N  001  chamber  which  was 
used  In  all  development  firings,  except  firing  nuaber  78.  The  Crano  Steel 
Co.,  Los  Angeleu,  Calif,  fabricated  the  S/N  002  chaad>er  which  wae  used  fbr 
firing  number  78,  only.  Tha  total  cost  of  the  two  chambers  (with  instru¬ 
mentation  and  thermocouple  bosses)  and  Including  nuts,  bolts  and  gaskets 
for  the  injector  mating  flange  ie  shown  In  Table  2-17,  Aa  was  tha  case  for 
the  Injector  these  acquisition  costs  Include  TRW  Systems  msterlal  handling 
and  C4A  charges,  but  do  not  Include  fee. 

Table  2-17.  Development  Hardware  Acquisition  Costs  (1^) 


Injector  Assembly 


Xqu:'829-1  $6350 

Pintle  Tip  Assembly 

X404408-2  $1775 

X404408-3  1595 

X404408-5  1830 

Fuel  Orifice  Ring 

X403832-3  $  278 

X403832-4  278 

X403832-5  278 

Oxidizer  Orifice  Rina 

X403831-1  (BlanV)  $  310 

(S) 

Combustion  Chssber 

X40  3646-1  (2)  $14,000 


NOTE  (*})  Includes  Inst rumen Cat icn  ports,  thermocouple 
boseee,  nuts,  bolts,  and  gaskets 
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2.6>2  DaaoiMtratlon  Inlactora  ' 

(U)  Thraa  dcBonatratloa  laj actor  aaoembllaa  (X4040S6-1)  wara  fabrlcatad 
and  dallvared  to  tha  AFRFL.  Tha  Injector  aaeenbllaa  were  all  fabrlcatud 
to  tha  aaaa  drawing.  Kelthar  tha  fuol  or  oxidizer  orlflcaa  are  replaceable. 

Tha  orlflcaa  In  tha  oxidizer  orifice  rlnga  uaed  In  the  Pintle  Tip  Aaaa»<- 
bliaa  (XA04280}  ware  aachlnad  Into  the  blank  ringe  uaing  an  alactrlcal  dla- 
charga  xachlnlng  (EDH)  procaea.  Fabrication  tectanlquae  wara  nearly  identi¬ 
cal  to  that  aaployad  on  the  davalopnant  Injector  aaaeably  (X403829-1). 

,  I 

(U)  laquaata  for  quotatlona  were  aubnltted  to  Can  fabrlcatoca.  laapooaaa 
Co  tha  RfQ  ware  received  fron  alx  of  Cha  Can  fabrlcaCore.  Tha  eucceaeful 
bidder  waL  Che  L.  U.  LePorC  Co.,  Anaheln,  Calif,  Tha  LePorC  Co.  did  all 
of  the  fabrication  with  axcepclon  of  the  oxidizer  orifice  ring.  Tha 
Brackell  Co.,  Culvar  City,  Calif,  nachlnad  the  orlflcaa  Into  tha  ring  uaing 
an  EQM  procaae.  The  LeForC  Co.  elao  fabricated  cha  ablatlva  pintle  tip 
uaing  Bavag  41F  ceetent. 

(U)  The  unit  coeta  for  quanciclea  of  1,  3  and  10  Injector  aaaaabllaa  are 
given  In  Table  2-18.  Aa  in  the  caae  of  tha  davelopmant  hardware  Cha  acqul- 
elclon  coeta  Include  TRW  Syacama  nacarlal  handling  and  G4A  chargaa  but  do 
not  Include  fee.  The  unit  coeta  quoted  by  the  alx  fabrlcatore  for  three 
aaaeabllea  varied  by  percent  of  the  median  value.  In  all  caeee  Che 
quoted  coeta  Indicated  a  95  percent  shop  learning  curve. 

Table  2-18.  Demonatratlon  Hardware  Acqulaltlon  Coeta  C^) 


Injector  Assemblv 

■ll 

X404056-1 

Quantities  1 

nn 

3 

10 
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S12CTIOH  3. 
TEST  RESULTS 


3.1  SU)»iARY 

(U)  The  resulta  of  ehe  Task  1  test  effort  ere  siiwerlscd  In  this  section. 
Oeteiled  dlscua«loas  of  each  test  series  are  given  In  the  follovlng  sections, 
together  with  data  reduction  procedures  and  n  tabulation  of  test  hardware. 

The  Task  I  test  effi^rt  was  essentially  divided  Into  three  pi  ises  as  follows: 

Phase  I  Facility  Checkout 

Phase  II  Injector  Developocnt 

Phase  III  Ocaonstratlcn  Injector  Checkout 

All  of  the  testing  was  of  short  duration  In  a  heat-sink  thrust  chaober 
with  one  exception.  That  exception  was  firing  76  which  was  of  approxlaately 
10  seconds  duration  In  a  low-cost  gypsua-phenollc  lined  hest-slnk  combustion 
chamber. 


3.1.1  Facility  Checkout  Firings 

(U)  A  total  of  ten  facility  checkout  firings  were  made  during  the  south 
of  October  1968  using  the  TRW  250,000  Ibf  Thrust  Injector  Assesbly  (1403666^ 
and  Thrust  Chasber  Aasenbly  (X403666).  The  combustion  chamber  has  a  63— Inch 
L*,  0.87  length  to  diameter  ratio,  and  a  2.1  contraction  ratio.  The  initial 
test  firing  In  the  series  was  a  short  duration  Ignition  Transient  Test  and 
no  data  for  that  firing  was  furnished  TRW  SystesM  by  the  AFRPL.  Sons  alnor 

difficulties  ./Ith  the  oxldiscr  feed  syaten  were  observed  during  the 
test  series.  The  welds  holding  the  fuel  distribution  wlr  In  place  were 
found  broken  after  the  test  series.  Thle  allowed  the  weir  to  become  cocked 
and  was  assessed  to  be  the  probable  cause  of  propellant  maldistribution 
observed  in  Che  movies  of  the  test  firings. 


(U)  The  eompuCed  specific  Impulse  efficiency  ni,p  for  test  flrln,?™  2-10, 
axcapt  3,1s  shown  In  Figure  3-1  as  a  fimction  of  udxture  ratio.  The  lep 
Is  based  on  the  theoratlcal  specific  Impulse  for  an  c  <■  2.0  at  tha  com- 
putad  nossla  stagnation  preaaura  and  a  13.2  psla  aableut  prassura.  The 
n lap  approximately  6  percent  lower  than  ifflclejcles  which  would  be 
raalisad  In  a  conventional  A:1  nosile  with  a  15°  hall-angle.  The  6  percent 
loss  la  due  to  tha  very  low  measured  In  the  2tl  noitle  with  20®  half 
angle. 

lU)  pie  computed  combustion  efficiency  (’J  q*)  •hown  in  Figure  3-2  as  a 
function  of  mixture  ratio.  The  peak  afflciancy  la  stro.igly  dependent 
on  tha  operating  mixture  ratio  and  Indicated  excssslvs  penetration  of 
the  fuel  sheet.  This  results  In  s  fuel  rich  core  and  oxldlssr  rich  mantle 
with  a  drop-off  In  performance  as  mixture  ratio  Is  Increased. 

(U)  Similar  behavior  was  arpariencad  with  the  Initial  development  orifice 
ring  (01) ,  and  led  to  en  Increeae  la  the  percentage  open  of  the  primary 
orifice. 
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3.1,2  P>vlopfcant  Injector  FlrtnRa 

(U)  A  total  of  forcy-oaa  taat  firings  wars  uda  with  tha  davalopnanC 
baedwarc  to  obtain  parforaanca,  hast  transfer ,  and  atabllity  data.  Eight 
Injector  configurations  (fual-oxldlrar  orlflca  conflgurstlona)  vr»  tasted 
la  three  different  haat-slnk  chamber  configurations  (L*  of  70,  SB  sod  120  . 
Inches).  Tha  Initial  Injector  configuration  tested  (Gl/Fl)  failed  to  pro¬ 
duce  Cast  results  which  duplicated  the  results  obtained  with  tha  facility 
checkout  Injector.  Tha  lowered  perfonsance  was  attributed  to  excessive 
oxldlser  penetrstlon  of  the  fuel  sheet  resulting  In  a  fuel  rich  core  and 
oxidlssr  rich  mantla.  The  oxidizer  orifice  ring  was  reworked  to  the  OlA 
configuration  which  provided  additional  blockage.  In  addition  the  fuel  In¬ 
jection  ares  was  reduced  (to  Increase  fuel  injection  velocity)  with  tha  F2 
fuel  orlflca  ring.  Both  36  and  48  alenaac  oxidizer  orlflca  rings  ware  tasted 
during  the  three  aonth  devalopacnt  phase.  The  01B/F2  (36  aleBanC)  and  02/F2 
(48  alaaent)  Injector  configurations  produced  nearly  Identical  perfonance 
St  the  design  alxture  ratio.  Three  chsaber  lengths  were  investigated  with 
the  01B/F2  injector  configuration. 


(U)  The  thrust  vs  nozzle  stagnation  pressure  graph  for  firings  11-32  and 
35-46  Indicated  a  constant  thrust  coefficient  C,  for  all  mixture  ratios  and 
nozzle  stagnation  pressures  between  200  pels  anB  300  pais.  Teat  firings 
33  and  34  employed  a  chamber  with  a  4:1  expanalon  ratio  and  20*  half-angle 
and  resulted  In  a  somewhat  lower  rj  .  Figure  3-3  shows  the  thrust  as  s 
function  of  nozzle  stagnation  pressure. 


(U)  The  specific  Impulse  efficiency  of  the  01A/F2  (36  element),  01B/F2  (36 
element),  end  02/F2  (48  element)  Injector  conflguretlons  Is  shown  In  Figure 
3-4  as  s  function  of  mixture  ratio.  These  tests  were  conducted  In  a  base¬ 
line  hest-alnk  comblatlon  chamber  with  an  L*  of  70  Inches,  Lg  of  36  Inches, 
and  a  Isngth  to  diameter  ratio  of  0.87.  The  data  for  firings  18-21  and  So¬ 
il  ars  shown  as  one  group  representing  the  36  element  oxldlser  orifice  con¬ 
figuration.  Flgurs  3-5  shows  the  combustion  efflclsncy  for  the  same  three 
Injector  conflgurstlona.  Again  the  data  for  firings  18-21  and  30-32  are 
shown  as  one  group. 


(C)  The  maximum  performanca  was  schievad  with  tha  thirty-six  clamant  oxl- 
dlsss:  orlflca  configuration  operating  at  nearly  60T  open  area.  This  per- 
fomence,  both  In  Ti.p  and  was  at  the  low  and  of  the  mixture  ratio 
operating  rsgims.  At  ths  design  mixture  ratio  ths  maxlmvaz  psrfomance  was 
schievad  with  tha  36  elamanc  oxldiiar  orlflca  configuration, 

(U)  In  addition  to  Investigating  various  Injactlon  psramatars  to  datenalna 
tha  effect  on  performance  tha  chamber  length  was  varlad  for  another  scries 
of  taata.  Tha  01B/F2  Injactor  configuration  was  usad  for  thla  taat  series. 
Flgura  3-6  shows  tha  apaclflc  impulse  efficiency,  ’»iip,  for  three  mixture 
retioa  at  three  discrete  chamber  lengths.  The  psTforssnea  for  the  2.4  and 
2.4  mixture  ratios  are  assentl^lly  cenatant  tor  chamber  lengths  12  Inches 
or  longer  than  the  baseline  chamber  length.  This  1%  due  to-  thceflattenlng 
of  combuetloji  efficiency  curve,  ’Jc*.  ••  shown  In  Figure  3-7,  The  Increased 
chamber  length  results  In  a  grsattr  perforaanca  Incrsaae  at  ths  sxtremss 
of  ths  mixture  ratio  operating  regime. 
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3.1.3  D— oMtratlon  Initctor  Ttrinna 

(Q  A  cotal  of  fourtcoa  firings  wsrs  asds  using  two  of  ths  thts«  idsntlcsl 
dsaonscrstlon  iDjsccors  which  w«rs  fsbrlcstcd  (sss  Section  2.4).  Eleven 
firings  were  lude  with  the  initial  desonstrstion  injector  delivered  to  the 
AFKFL  (S/H  001)  while  only  three  firings  were  made  using  Che  5/N  002  injec¬ 
tor.  The  initial  six  firings  of  the  S/N  001  injector  were  nade  in  the 
60-inch  long  (L*  >  120  inches)  heat-sink  coubustion  chamber;  the  seventh 
firing  was  of  approxinately  10  seconds  duration  in  the  34-inch  long  (L*  ~ 

108  inches)  heat-sink  coebuatlon  chamber  which  had  been  lined  with  a  low- 
cosC  gypsua-phenolic  insulation.  The  final  four  firings  of  .hs  S/N  001 
demonatratlon  injector  were  nade  using  the  60-inch  lonA  chaoiber  with  tur¬ 
bulence  ring  (X403646-14).  During  the  initial  three  checkout  firings  of 
the  S/M  001  demonstration  injector  high  aaplitude  oscillationa  at  a  5000 
cps  frequency  were  experienced  in  the  oxidiser  feed  system.  Ths  three 
checkout  firings  of  the  S/N  002  deacnattation  injector  were  nade  using  Che 
60-inch  long  heat-sink  combustion  chamber  (without  turbulence  ring). 

(U)  Thrust  meaauremencs  for  test  firings  72-77  and  90-93  with  the  S/N  001 
injector  indicate  a  constant  thrust  coefficient  C. ,  for  all  mixture  ratios 
and  noszle  stagnation  pressures  between  200  pels  and  300  pais.  For  test 
firings  98-100  with  the  S/N  002  injector  there  is  an  unexplained  loss  of 
4  percent  in  as  indicated  in  Figure  3-8 

(U)  Figure  3-9  shows  the  calculated  specific  impulse  efficiency  for  the 
S/N  001  demonatratlon  injector  checkout  firings  at  a  nominal  300  psia 
(72-73),  S/N  COl  injector  firings  in  the  heat-sink  chamber  with  turbulence 
ring  (90-93)  and  the  S/N  002  demcnatrstlon  injector  checkout  firings  (98-100). 
The  data  from  the  S/N  001  injector  firings  in  ths  bO-inch  heat-sink  combustion 
chamber  with  turbulence  ring  Indicate  an  approximate  one  (1)  percent  Increase 
in  specific  impulss  efficiency  over  that  obtained  on  firings  72-73  although 
eha  data  from  firings  72-73  is  so  widely  eeettered  Chet  e  valid  comperlaon 
is  not  poaslblt. 

(C)  The  apeclflc  impulse  efficiency  calculated  for  Che  S/N  002  demonatratlon 
injactor  (teat  firings  98-100)  indicset  a  ptrformancs  level  spproximstsly 
two  percent  lower  than  tha  n.  meaeurad  during  flringa  72-73  with  the 
S/N  001  damonatration  injector?  Figure  3-10  ehowe  chat  tha  lover  specific 
impulse  efficiency  is  not  due  to  a  loss  in  combustion  efficiency  sines 
the  combustion  performance  of  Che  S/N  002  damonetratlon  injector  is  at 
laasc  aqual  to  or  grsacar  than  chat  meaaurad  vich  tha  S/N  001  damonatration 
injector.  Since  the  thrust  coefficient  efficiency  is  roughly  four  (4) 
percent  lower  than  meaaurad  during  teat  firings  72-73  tha  loes  in  apeclflc 
Impulse  efficiency  is  apparently  due  to  erroneous  thrust  Bsssursmwncs  or 
chubar  prasaura  measurements  or  s  combination  thereof. 
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3.2  DATA  UDUCTION  PBCCSOUUS 

(U)  Tha  taac  raaulta  praaanead  haraln  ara  darlvad  froa  coaputar  printout 
data  fumlahad  TRW  by  tha  AfWL.  Tha  Arm  furalahad  TRW  raducad  parfor- 
■anca  data  for  taat  flrln*a  2  through  17  and  ganaral  parforaanca  data  for 
taac  firlnga  18  through  46,  72-78,  90-93,  98-102,  and  108-110.  TRW  Syataaa 
raducad  tha  lattar  48  firlnga;  ttandard  data  raductlon  procadurea  wara 
aoployad  throughout. 

(U)  Tha  thaoratleal  I  and  C*  data  for  tha  praaaura  ranga  of  200  pala 
300  pala  and  alxtura  raflo  of  1.80  to  3.20  (0/P)  vara  curra-flt  and  uaad 
In  aquation  fora  to  conputa  tha  thaoratleal  I  and  C*.  In  ganaral,  tha 
noiala  atagnatlon  praaaura  uaad  to  cosputa  tbS^thaoratlcal  I  and  C*  vaa 
baaad  on  corractlng  tha  Injactor  and  chasbar  praaaura  naaBuraftanta  for  tha 
praaaura  loaa  batvuan  nosala  throat  and  Injactor.  Thla  corractlon  aaausad 
laantroplc  flov  In  tha  noasla  and  a  apaciflc  haat  ratio  y,  of  1.235.  Da- 
tallad  data  raductlon  procaduraa  uaad  in  arriving  at  tha  taat  raaulta  ara 
glvan  In  Appandla  C. 

3.3  TRST  HAXDWARJE 

(n)  Tha  taat  hardvara,  lnclu<Hng  In^ctor  configuration,  uaad  In  tha  65 
taat  firlnga  la  tabulatad  aa  Tabla  3-1.  Tha  Initial  10  taat  firlnga  aaplopad 
tha  TRW  250,000  Ibf  thruat  angina  which  waa  taat  fired  In  1967  at  a  ra¬ 
ducad  chaabar  praaaura  of  60  pala  and  approxisately  50,000  Ibf  thruat. 
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(U)  Tb«  tut  lutrdwar«  was  Modified  to  allow  operation  at  rated  condltlona. 
’Hiaae  aodiflcationa  are  deacribed  la  Appendix  A.  The  devclopMant  lajactor 
aaaeabljf  (X403829)  vaa  uaed  in  teat  flringa  11  through  46,  Varloua  injec¬ 
tion  orifice  configuratlona  were  teated.  The  X403646  developMcn:  thruat 
chaaber  aeacmbly  waa  eaployed  in  teat  firlnga  11  through  46  except  for  33 
and  34  which  uaed  a  Modified  X403668  thruat  chaaber, 

(U)  tba  deaoaatratlon  Injector  aaaeably  (X404056)  waa  uaed  in  teat  firlnga 
72-78)  90-93  and  98-100.  The  X403646-11  development  thruat  chaaber  waa 
uaed  in  teat  firlnga  72-77  and  98-100.  The  X403646-10  (Inaulated  with  a 
low-coot  gypaua-phenolic  loaulatlon)  waa  uaed  for  the  10  aecond  teat  firing 
(nianber  78).  The  X403646-14,  modified  to  Include  the  turbulence  ring  waa 
uaed  on  teat  flringa  90-93. 

(U)  The  laat  two  teat  aerlea  conducted  in  Taak  I  (101-102  and  103-110}  were 
nade  uaing  the  davelopoent  Injector  aaaeably  (X403829),  and  the  X403646-11 
developaMnt  thruat  chaaber  aaaeably 

3.4  DETAILED  TEST  RESULTS 

3.4.1  Facility  Checkout  Firlnga 

3. 4. 1.1  Performance  Data 

(U)  Teat  ceaulta  obtained  In  the  Initial  facility  checkout  firlnga  (2-10) 
are  dlecuaaed  In  the  following  paragrapha.  Ten  firlnga  were  nade  with  the 
X403666/X403668  Injcctor/Thruat  Chaciber  coablnatlon  (L*  -  63  inchea).  Teat 
firing  1  waa  a  very  ahort  duration  atart  tranalent  teat  and  no  data  for  thla 
firing  waa  fumlahed  to  TRW  Syaccea. 

(U)  Figure  3-11  ahowa  the  mcoaurcd  thruat  aa  a  function  of  noxtla  atagna- 
tlon  preaaura.  The  noazle  atagnatlon  prcaaure  la  the  average  of  the  two 
head-end  preaaura  tranaducera  (PC-1  and  PC-T),  corrocted  for  an  Cr  ■*  2.10 
and  a  V  ■  1<23S,  for  teat  firlnga  2  through  8.  For  teat  flringa  9  and  10 
the  noada  atagnatlon  praaaura  la  coaputed  from  PC-l.  only.  Thruat  data  for 
teat  firing  3  la  not  available.  The  data  for  teat  firing  8  fella  outalda 
of  the  itonsal  band  of  data*  Thla  la  due  to  en  unueually  high  PC-2  oceaurc- 
■ent  which  reaulca  In  a  Fg  average  higher  than  normal.  Information  re¬ 
quired  to  aacartaln  the  cauaa  of  the  high  PC-2  meaeurement  la  not  available. 
Thla  high  PC-2  for  teat  firing  8  alao  reaulta  In  a  lowered  Cf  and  ahown 
In  aubaequant  aactlona.  The  computed  apaclflc  Impulaa  afflclancy,  ’^Xap* 
ahown  in  Figure  3-12  aa  a  function  of  alxtura  ratio. 

(U)  The  computed  combuatlon  affldancy.  Hq*,  for  thla  teat  aarlae  la  ahown 
In  Figure  3-13  aa  a  function  of  mixture  ratio.  The  noasle  atagnatlon  praa¬ 
aura  In  the  C*  aquation  la  co«putad  froa  the  average  of  PC-l/PC-2  for  firlnga 
2  through  8,  and  from  PC-1  only  for  teat  firlnga  9  and  10.  The  daahed 
curve  on  Figure  3-13  la  for  a  coabustlon  efficiency  baaed  on  tha  noacla 
atagnatlon  preaaure  computed  from  the  PC-3  (nocxla  entrance  preesure  mea- 
•ure«aot.  Tha  PC-3  aeeaurement  waa  avellabla  for  firlnga  9  and  10  only. 

Tha  ratio  of  PC-l/PC-2  (average) /PC- 3  for  teat  firlnga  9-17  waa  1.071  which 
reaulta  in  a  ^  tera  value (Appendix  C)  of  0.962.  Thla  value  wae  uaed  to  re¬ 
compute  the  coebuatlon  efficiency  based  on  nocxle  entrance  prcaaure. 
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(C)  Figure  3-12  Specific  lapulee  Efficiency  - 


(C)  Figure  3-13  Ccnbuetlon  Efficiency  - 

Facility  Checkout  Firings  (U} 
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(C)  1h«  coapuMd  oossl*  cfflcltiicy,  left  for  thla  CMt  ■•rioo  iM  ahiiim  la 

IliurM  «nd  3-15  m  «  fuactioa  of  alscuro  ratio  aad  oosslo  atacaatloo 
prMauro  roopoctlvtljr.  Tbo  aoaslo  afflcioacy  la  baaad  oa  a  aoaalo  atafioa- 
tloB  proaaura  eooputad  Irtm  rC-’l/PC-2  avarat*  for  taat  flrlnfa  2-8  aad  froa 
PC~l  for  taat  flrlnga  9  and  10.  Tha  aaan  aoazla  afflclaacr  ever  tba  alatura 
ratio  range  of  approxlaacely  1.70  to  3.30  (O/F)  la  0.903  with  a  range  of 
±  0.018  at  a  aoalnaX  aoaala  atagnatlon  praaaura  of  275  pala.  Mo  tread  vltb 
alatura  ratio  la  apparent.  Theoretical  calculatlooa  for  alatura  ratio#  of 
0,5  Co  10.0  (O/f)  abow  laaa  Chan  0.3  percent  variation  In  the  tbeoretlcal 
ehruat  coefficient.  Figure  3-15  Indlcacee  higher  noaile  afflelency  at  lower 
preeaurea  (Icaa  under  axpanalon  aa  ahown  In  Figure  3-15).  The  expected  ’IcF 
for  the  2/1  axpanalon  ratio,  20  degree  half-angle  conical  noxale  waa  0,955. 
The  difference  of  iipproxlauicely  5  percent  between  Che  coaputed  9^^,  the 
theoretical  ia  unexplained. 

3.4. 1.2  Injector  Characterlatlca 

(U)  The  fuel  injeccloa  pmaaure  loan  UP^l)  varied  conalder.vbly  during 
the  couraa  of  eoat  teat  flrlnge.  The  Injector  conductance,  XZJCF,  la 
plotted  In  Figure  3-16  aa  a  function  of  tine.  The  lujactor  eondurtance  la 
defined  aa 


KIJCF  • 


(3-1) 


and  ahould  be  Invariant  for  a  fixed  area  Injection  orifice  operating  over 
a  narrow  range  of  volumetric  flow  ratee.  Thla  behavior  waa  unexplained 
until  Che  teat  aerlea  waa  completed  and  the  teat  hardware  waa  returned  to 
TKW  Syatena.  Upon  dlaaMeoibly  of  the  Injector,  the  Inner  fuel  ahell  (weir), 
F/M  X403666-7,  waa  obaerved  to  be  cocked  In  the  fuel  Jacket  aa  ahown  In 
Figure  3-17,  All  welda  holding  the  weir  In  place  were  broken.  The  tie* 
dependent  KIJCF  waa  probably  due  to  thla  defectlv*^  coaponent.  Exaalnatlon 
of  tha  high  apecd  motion  plctutee  taien  of  the  teat  flrlnga  ehow  a  pro¬ 
pellant  ealdlatributlon  irtilch  la  also  attributed  to  thla  condition. 

(U)  Tha  angina  oepforMnee  cannot  be  ahown  aa  a  function  of  the  tcallng 
[(4P  )'''^(u)®**J  due  to  tha  Invalid  4F,,  eeaauraaenta,  Tha 
lojactor  eonduitanca  for  tha  oxldlier  aide,  KIJCO;  la  ahown  In  Figure  3-lg 
ea  a  function  of  tha  voluawtrlc  flow  rata.  Tha  noalnal  dlacharga  cocfflclant 
t®*putad  fron  tha  following  equation; 


ia  C.730  which  coeparaa  with  tha  valua  of  0.74  pradlctad  frow  watar  flow 
data  Appendix  A  • 

3.4.2  Development  In  lector  Flrlnga 

3. 4. 2,1  Teat  Sarlea  1  and  2  -  Flrinta  11-17 
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(U)  ri(ur«  3~1|.  Chcl4iz«r  2nJ«eCor  Cenductanc*  - 
Facility  Chackout  Flrlnga  (U) 

3>4.2.1.1  Parfotmanca  Data 

(U)  lha  fual  and  oaldliar  arlFlca  configuratlona  aalactad  for  Cha  Initial 
flrlnga  of  Cha  davalopaHint  lojactor  aaaasbly  (X403I29)  vara  choaan  ao  aa 
to  duplleata  tha  faacurac  uaad  In  cha  facility  chackout  Injactor  (X403666). 
lha  Initial  CaaC  caaulca  obtalnad  vlth  tha  X404409-1  Pintla  Tip  Anaavbly 
fallad  Co  dupllcata  tha  taat  raaulta  obtalnad  vlth  tha  facility  chackout 
bardvara.  Tha  fallura  to  achlava  tha  aasa  parfonaaca  la  attrlbutad  to  cha 
alnor  daalgn  changaa  aada  In  tha  oxldiiar  orlflcac  aa  daacrlbad  In  Suction 

'rm.i. 

(U)  Plgura  3-19  ahova  tha  aaaaurad  thruat  aa  a  function  of  noaala  atagna- 
tlon  praaaura.  Tha  noaala  atagnatlon  praaaura  la  tha  avaraga  of  tvo  Injactor 
and  praaaura  tranaducara  (PC-1  and  PC-2),  corractad  for  an  (c  *  7.23  and  a 
1.233.  lha  coaiputad  apaclflc  laqiulaa  afflcluncy,  1xap>  ^  ahovn  In 
Plgura  3-20  aa  a  function  of  alacura  ratio.  Tha  aolld  polnta  and  daahad 
llna  la  for  taat  firing  16  and  17  vhlla  tha  aolld  llna  la  for  taat  flrlnga 
11  through  13.  Following  taat  firing  13  tha  X403832-4  fual  orlflca  ring 
vaa  aubatltutad  for  tha  X403832-3  fual  orlflca  ring.  Thla  changa  van  ax- 
pactad  to  nova  cha  parforvanca  paak  to  a  hlghar  nlxtura  ratio.  Inaufflclant 
data  vaa  takan  Co  daflna  tha  axact  paak. 

Tha  covputad  covbuatlon  afflclancy  *>q*,  for  thla  taut  aarlaa  la  ahovn 
In  Plgura  3-21  aa  a  function  of  nlxtura  ratio.  Tha  averaga  of  PC-1  and 
PC-2  vaa  uaad  In  conputlng  tha  notxla  atagnatlon  praaaura  uaad  In  tha  C* 
aquation.  Conbuatlon  afffclancy  for  flrlnga  16  and  17  ara  ahovn  aa  aolld 
polnta  and  tha  daahad  lint'. 

CONnOENTUL 
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(C)  figure  S-20.  Specific  lapulee  Efficiency  •  Teet  Serlee  1  end  2  (U) 


l.eT*  ~  1.^80  "2.00  2V26  2.40  '2.6O 

K  iture  Mtlo 

(C)  figure  >-31.  CosbueClon  Efficiency  leet  Serlee  1  and  2  (U) 
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(C)  1h«  tomputmi  oossla  «fflel«ncy,  ^cr*  ••(Im  la  ahcnni  la 

Ftsui^M  3~22  and  3-23  aa  a  fuactloo  of  alxtura  ratio  aad  ooiala  acacaaclaa  I 
praaa'ra.  lha  aosala  afftclaoqr  la  baaad  oa  a  noisla  atagaacloa  praaauro  ' 
coaput.ad  froa  FC-l/PC-2  avaraga  for  thta  taan  sarlaa.  Iba  aaaa  aoaala 
afficlaocy  ovar  tha  aixtura  ratio  range  of  1.30  Co  2.60  (0/F)  ia  0.960  with 
a  ranga  of  *  0.020  at  a  noalnal  noxila  acagaatioo  praaoura  of  283  pala. 
ftgura  3-22  ahowa  chat  tha  thruac  coafflcicst  afficiancy  ia  a^parantly  a 
fuaeelon  of  cha  ■Ixtura  ratio  (or  parformanca  laval)  wbich  doaa  not  agraa 
vith  clia  thaoraclcal  data  (Appaodlx  C,  Sactlon  2.2).  Tha  axpactad  Ocf  for 
Cha  4/1  axpanalon  ratio,  13  dagrae  half-angla,  coalcal  oorcia  waa  0.980. 

Thia  valua  waa  only  approachad  at  tha  lowaat  aixtura  ratio,  lio  traod  with 
aoaxla  atagnatioa  praaaura  la  apparaut. 

3. 4. 2. 1.2  lalactor  Charactarlatlca 

(U)  lha  fual  iojaccor  cooduccaaca.  KlJCf,  for  taat  firinga  11-13  ia  ahowo 
in  Flgura  >*24  aa  a  fuactloo  of  cha  voluaatric  flew  rata.  Tha  KlJCy  valua 
for  firinga  12-13  Indicata  a  noalnal  diacharga  coafficlanc  of  0.99  which 
waa  axpactad.  lha  fual  Injector  conductanca  for  taat  firing  11  la  approx- 
inataly  10  parcant  lower  than  tha  average  KUCr  for  12-13.  goth  tha 
thruat/noxzle  atagnatioa  praaaura  correlation  and  tha  ayntaa  loaaaa  between 
fual  tank  and  Injaccor  appear  normal.  It  la  concluded  that  tha  dlacrapancy 
la  due  to  an  abnormally  high  cauaed  by  an  arronaoua  PIF  maaauremant . 

(tJ)  Tha  injactor  conductance  for  the  oxldlacr  aide  of  the  injector,  KIJCO, 
ia  ahown  In  Figure  V23  aa  a  function  of  tha  volumetric  flowrate,  lha  nom¬ 
inal  diacharga  coefficient  cooputed  froa  tha  conductance  la  0.68  which  la 
aomewhat  lower  than  tha  0.723  valua  computed  for  the  orifice  configuration 
teated  In  firinga  1-10.  The  dlffcrencea  in  orifice  dealgn  era  apparently 
raaponatblw  for  chla  change  in  diacharga  coefficient. 

(U)  Tha  apaclflc  lapulaa  afflclency  for  both  Injector  conf Igurationa , 

X403829-1  and  X403829-16  are  ehown  In  Figure  3-26  aa  a  function  of 

C3Pf)*^«^  Inaufflclent  d.tta  waa  taken  to  eetabllah  the  perforaance  paoka. 

3.4.2. 2  Teat  Serlee  3  -  rirlnga  18-23 
3. 4. 2. 2.1  Perfo rmance  Data 


(U)  It  waa  apparent  that  the  oxldlacr  aprey  pattern  produced  by  the 
)IA03821-1  orifice  ring  waa  conalderably  different  than  the  epray  pattern 
generated  by  the  orifice  configuration  of  the  X403666  injector  uaed  In  the 
facility  checkout  firinga.  The  reduced  diacharga  coefficient  le  evidence 
of  thia  differance.  The  cauae  of  the  lowered  performance  wan  attributed 
to  tha  exceaalva  panatraclon  of  the  fuel  aheet;  that  le  tha  apaclng  of  the 
primary  oxidlxar  orlficea  waa  inaufficlant  to  prevent  tha  fual  from  flow¬ 
ing  axially  by  the  oxidlxar  oriflcta  and  out  tha  noaxla  unreacted.  Incraa- 
aing  tha  fuel  momancuai  waa  only  partially  eucceesful  ir.  preventing  the 
fual  penetration.  Therefore,  tha  XA03831-1  oxidlxar  orifice  ring  waa  modi- 
ftad  at  tha  AFtPL  to  Incraaaa  tha  apace  factor  <Wp  -f  W^/UW  x  lOOZ)  to 
approximately  60  percent  by  widening  the  keyhole  portion  of  each  primary 
orifice  to  0.384  inchea. 
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(C)  rigur«  S-2S<  Noftl«  Efficiency,  Tnnt  Serlei  1  nnd  2  - 
Function  of  Hlstura  Ratio  CU) 


Noisla  Stagnation  Freature,  pala 
(C)  flE^ra  )-Z^  Nottla  Efficiency,  Ta^t  Sarlaa  1  and  2  - 
Function  of  Notila  Stagnation  Fraaaurc  (U) 
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(U)  Figure  3-27  shows  the  MMured  chrusc  m  •  functioa  of  nossle  atagae- 
Cloo  grMsure.  As  in  prior  tMt  ■«rl«s  the  ooicle  •cagneclon  preeaure  la 
Che  average  ot  che  two  injector  end  preeaure  tranaduccra  (PC-1  and  PC-2) 
corrected  for  an  c.  ••  2.2S  and  r  •  1.235.  The  ccspucad  apeciflc  Ivpulae 
efficleacy,  h.  .  la  shown  in  Figure  3-28  as  a  funcclon  of  elxture  ratio. 

The  for  firings  ll^lS,  shown  as  the  dashed  line,  indicates  Chat  increas¬ 
ing  tne^videb  of  the  primary  orifice  is  particularly  effactlve  in  increas¬ 
ing  the  absolute  performance  level. 

(U)  The  cosputad  combustion  efficiency ,  <T  C*  for  this  test  aeries  is  shown 
in  Figure  3-29  as  a  function  of  mixture  ratio.  Teat  firings  18-21  were 
made  sc  a  nossla  ■tagnacion  praaaure  of  approximately  300  psia.  Teat  firing 
22  was  made  at  a  oozsle  stagnation  pressure  of  appeoxinataly  260  psia  while 
test  firing  23  was  made  at  a  Po  of  approximately  243  psia.  Figure  3-29 
shows  the  effect  of  lowered  injection  pressures  on  performance  achieved  At 
the  same  mixture  ratio. 

(C)  The  computad  ootile  afficlency,  for  this  teat  series  la  shown  in 
figvire  3-30  as  a  function  of  mixture  ratio.  Thla  figure  showe  an  average 
'^CFl  0.955  for  cast  firings  18-46  Inclusive,  excepting  33  and  34  which 
used  the  modified  X403668  chamber  (20*  half  angle).  This  average  is  valid 
for  both  the  original  combustion  chamber  essployed  on  firings  11-32  and  the 
lengthened  combustion  chamber  employed  on  test  firings  35  through  46.  Tht 
sxpectad  noted  in  Appendix  C  for  this  notslc  was  0.980.  The  difference 
of  approximltely  2.5  percent  between  the  cooputed  la  unexplained. 

3. 4. 2. 2. 2  Inlector  Charactarlatica 

(U)  The  fuel  Injector  conductance,  KlJCr,  for  teat  firings  18-23  Is  shown 
in  Flgura  3-11  ss  a  function  of  the  volumetric  flow  rats.  Data  for  teat 
firings  16  and  17  which  employed  the  seme  fuel  orifice,  Is  Included  for 
coaperatl  purpoass.  The  fuel  side  discharge  coafficlent»  computed  from 
the  Gonducesnes  is  0.940  as  cospared  with  the  Cg  value  of  0.99  computed  for 
firlnge  12-13  employing  the  X403832-3  fuel  orifice. 

The  conductance  on  the  oxldlsar  side  of  the  Injector  aascmbly  is  shown 
in  Figure  3-32  as  a  function  of  the  volusMtrlc  flow  rate.  The  nominal  dls- 
charga  coefficient  computed  from  the  conductance  is  0.70  which  is  lower  than 
the  0.725  Cg  computad  for  the  orifice  configuration  tasted  in  flrlnga  1-10, 
The  0,70  Cg  is  a  small  improvement  over  that  obtained  with  the  unmodified 
configuration.  ' 

(C)  iha  apeciflc  impulse  afflciancy  for  the  X403829-16  (X403831-1  Hod.  A 
Qixldlsar  orlflca  rlns)  Ir  shown  in  Figure  3-33  as  a  function  of  tha  injac- 
or  acaling  parasMCar  [(AP  The  peak  performance  la  achieved 

at  e  value  of  approximacsly  1.80. 

3. 4. 2. 3  Teat  Serita  4  -  Firlnte  24-29,  40-42 


3. 4. 2. 3.1  Parforeanca  Data 


(U)  One  of  tha  aajor  Injector  paramecars  to  be  Investigated  In  tha  injec¬ 
tor  davalopnent  program  was  the  mrnber  of  oxldiser  elemente.  A  48  element 
osldlser  orifice  ring  wsa  fsbrlcated  and  tested  during  firings  24  through 
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(U>  29  «ad  l«c«r  os  Is  CMC  flrlsca  40-42  is  tb«  las{thsiMd  (4’241b.)  chasbar. 

Ths  orlfie*  flag  (X404107-1)  w*«  dcalgoad  with  •  apse*  factor  of  67  garcaot 
la  order  due  the  affect  of  that  parauater  could  be  datenalsad.  The  X404107-1 
orifice  rlag  vaa  coawitted  to  fabrlcatlos  prior  to  start  of  Teat  Sarlea  3. 

figure  }-34  ahows  the  aaaaurad  thrust  for  this  conflguratloo  aa  a 
fusetloa  of  aosala  aCagaatloe  preaaura.  Aa  la  prior  teat  sarlea  the  aottla 
atagnatioa  preaaura  la  the  avaraga  of  the  two  njactor  ead  praaaura  trane- 
ducara  (fC-1  and  rC-2)  corrected  for  aa  c.  *  2.23  aad  a  r  >  1.23S.  The  coe- 
puted  apeclfle  lepulae  afflclOAcp,  U  shows  In  figure  3>3S  aa  a  function 

of  slaturc  ratio.  In  the  haaallaa  cFi>er  coof Iguratlon  (L^  •  36. S  Inchea 
nad  L*  *  70  laches)  the  perforaaaca  attained  with  the  48  eleMBt 

conf Iguratloa  (02/r2)  is  approalsataly  0.7  percent  lower  thoa  ihr  per- 
fnreenra  value  obtained  la  Test  Serlaa  3  (18-23).  However »  Che  peak  per- 
Soreeaca  does  occur  aoar  the  design  nlrture  ratio  and  la  allgbtly  higher  at 
the  design  slxtura  ratio. 

(C)  The  coeputed  coehuetloa  efftctency,  (or  this  teat  sarlea  la  shown 

in  figure  3-16  aa  a  function  o(  niituta  ratio.  Test  flrtnga  23-27  and  29 
Were  nade  at  a  noelnal  aoaila  alagnjtlon  preaaura  ol  300  pels  while  tact 
firings  24  and  28  ware  node  at  a  reduced  at  273  and  2<i3  paia.  reapec- 
tively.  The  effect  of  lowered  injection  preaauree  on  parforsance  la  shown 
In  figure  3-16.  The  24  inch  tnereaea  in  chaaber  length  (L*  *  120  Inches) 
rssulta  in  an  approiinate  3.3  percent  inctaaae  in  conbuatlon  afflctancy  for 
the  02/72  injector  conf Igurat too.  This  Incraaaa  la  reflected  In  tha  apaclflc 
lapulaa  afflciency  as  shown  in  figure  3-33. 

(C]  The  coaputad  nosila  afflciancy,  for  this  teat  aarlaa  la  ahown  In 
figure  3-)7  as  a  fuactlon  of  alatura  ratio,  figure  3-37  ahows  an  avaraga 
^p  of  0.933  for  teat  flrln|s  18-12.  The  for  24-29,  40-42  la  in  agrae- 

nant  with  tha  data  of  tha  other  teet  eartes.  The  Mtalc  efficiency  for 
teat  firings  24-29,  40-42  fros  tha  nettle  entrance  praaaura  (PC-3)  correc¬ 
ted  to  nottla  atagnetion  preeeure  is  shown  in  figure  3-38.  The  nep)  co«- 
puted  iMing  PC-)  t.;  .9)0  e  .013  for  aleture  retio  range  of  2.23  to  3.03 
(0/P)  for  teet  firings  24-29.  The  discrepancy  la  Trp  la  due  to  tha  differ¬ 
ences  in  P{>  coeputed  fros  either  Pr-l/PC-2  (average)  or  PC-3.  The  use  of 
the  theora'lcel  correction  fros  injector  and  to  notsle  entrance  reaulte  In  a 
larger  cuvrectlon  than  la  seeaureo  in  «ny  ot  the  teat  firings. 

3.4.2. 3.2  Inlactor  Characterletlce 

(U)  Tha  fuel  injector  ecaductance,  KIJCP,  for  teat  flringa  24-28  and  40- 
42  la  shown  In  figure  )-)9  aa  a  function  of  tha  voluaatrit  flow  rata.  Tha 
fuel  aide  conJucienCw  agteae  with  the  conductance  cosputed  for  teat  flringa 
16-23  resulting  in  a  no^nal  C,.  of  0.94,  The  unexplained  shift  la  fuel 
aide  injector  conductance  vhlen‘oecurred  between  firings  28  and  30  la  aacn 
In  the  data  for  test  flringa  40-42. 

(U)  The  cosductaaca  on  tha  oxldltar  side  of  tha  Injector  aeaasbly  la  ehenm 
in  figure  3-40  aa  a  function  of  tha  woluMtrlc  flw  rata.  The  nosloal 
discharge  coofflciant  cosputed  fros  tha  cooductaoca  la  0,70  ^Ich  agreee 
with  that  obtained  ia  teat  firings  18-21. 
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(C)  Tha  apacific  lapuU*  tfflclancy  for  th«  X403829-17  lujaccor  MaMibly 
ta  ah4iwa  la  Figura  3-41  aa  a  fvatctioa  o  £  U.Pr)^-^  tta  paak 

parfomanca  occur#  at  a  aoalnal  valua  of  2.0. 

3.4. 2.4  Taat  Sarlaa  i  -  rtrlasa  30-U.  37-39.  43.  44 

3.4. 2.4.1  Parforaanca  Data 

(U)  tba  X403B31-1  oaldlzar  oilflca  rlog  Map^oyad  Id  taat  sarlaa  3  waa 
ao^lflad  by  Incrsaalag  cha  laogth  of  tba  aacondary  orlflca  to  0.600  Inch. 

This  waa  accoapllahad  ualeg  an  alactrlcal  dlachatga  aachlDiag  procaaa. 

Ilbita,  tha  aatback  of  ttia  aacoodary  orlflca  waa  iacraaaad  to  0.300  Inch. 

Thla  configuration  (01b)  waa  u»ad  to  dataralne.  tha  affact  of  chaaibar  langch 
on  parforaanca.  Taat  flilnga  30-32  w«ra  nW <  In  tha  70  Inch  L*  baacllna 
Laac-alnk  thruat  chaaibar  (X4U3646-1)  whll«  taat  flrln^a  33-34  war#  nada  In 
a  12  Inch  longar  chanba.'  (X403448-1)  with  an  Sb  Inch  L*.  Taat  firings  37-39, 
43  and  44  wata  uadt  In  a  24  Inch  long  caantar  (X403b4h-n)  with  a  120  Inch  L* . 

Figura  V-42  ahowa  tha  nasaurad  thruat  aa  a  function  of  notala  atagna- 
tlon  praaaura.  Aa  in  prior  taat  aarlaa  tha  noitla  atagnatlon  praasura  la 
tha  awaraga  of  tha  two  Injactor  and  praaaura  ttanaducrra  (rC-l  and  PC-2)  cor- 
ractad  for  an  *(;  «  2.23  and  a  3  ••  1.233.  Tha  conputad  apaclflc  Impulaa 
afflclancy,  la  ahcwn  1 '^1  Ptgura  i-A3  aa  a  function  of  nlxtura  ratio 

tor  thraa  chanOar  langiha.  TT.a  Im  raaaa  in  ctiambar  length  ta  par¬ 
ticularly  affacilva  In  tncraaalng  the  abaoluta  parlurmanco  laval. 

(U)  Tha  cowpulad  ron-iuaflon  afflclancy,  Hca.  for  taat  firings  30-32,  aa 
a  function  of  ailr.tura  ratio  la  shown  in  Figura  3-44.  Data  for  last  aarlaa 
1  la  ahown  for  coaiparaclvt  purposas.  Tha  data  showa  that  Incraaalng  tha 
langth  of  (ha  aacondary  orlflca  by  O.lOO  Inch  (OlB)  dots  not  result  In 
any  parforaanca  Incraaaa  ovar  tha  alatura  ratio  ranga  of  Intarcat. 

fc)  rigu  ra  3-43  showa  tha  coaputad  coad>uatlon  afflclancy ,  for  tha 

thraa  chaadiar  lengths  Invastlgatad  In  thla  taot  aarlaa.  Over  tha  alxtura 
ratio  ranga  of  2.1  to  2.9  the  coabuatlcm  efficiency  achieved  In  tha  24 
Inch  longer  chaaibar  la  approxlnattly  1.')  percent  greater  than  that  waa- 
aurad  In  the  12  Inch  longer  chanter.  Increasing  the  chanber  length  flat¬ 
tens  out  tha  performance  curves  at  the  eatreaea  cf  the  mixture  ratio  curvo. 

vU)  Taat  ftrlega  43  and  46  vara  also  asdo  with  olt  oxldlaer  orlflca 
configuration  to  recheck  the  perforaanca  of  the  luj*ctor.  All  of  the 
data  for  tiring  41  fall  on  the  prevloualy  establlahud  curve  for  firings 
17-19.  Taat  firing  46  waa  a  atablllty  rating  taat;  data  slice  46-1  Indl- 
catea  that  tha  Injector  wm  perforalng  aa  axpectad  prior  to  datcmatlon  of 
tha  etablllty  rating  davlce.  Data  alicas  taken  after  ths  detonation  showa 
a  raducad  parforaanca  ieval  and  ahnoraal  Injector  behevf.or  aa  dlaruaaad 
In  tha  follcarlng  section. 

(C)  The  computed  noaila  efficiency  n^y  for  ta^t  flrlnga  30-32  of  thla 
taat  aarlaa  Is  ahearn  In  Figure  1-44  aa  a  function  of  nlxtura  ratio.  Thla 
figura  ahowa  that  tha  for  3C-32  falls  on  tha  aame  curva  aa  that  aatab- 
llahad  for  taat  flrlnga  10-29.  tha  ^cy  for  test  flrlnga  33-34  la  0.9203 
or  approxlaetaly  3.7  percent  lower  than  tha  average  aesaured  for  ths 
other  firings.  Tha  X40 1660-1  "A”  chaad>er  waa  aaiployad  In  teat  firings 
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(0)  33-34.  This  chaab«r  K«a  a  4/1  czpaaaloa  nozsla  with  a  half-anglu  of  20 
dagraaa  aa  coaparcd  with  tha  13  degteo  avpanaloa  nocxia  bait  argia  on  CMa 
baaallkia  cfaiudiar.  Plgura  3-47  ahows  that  tha  avaraga  17^  for  taac  firing 
33~39  la  0.933.  Tha  data  for  taat  firings  43  and  46  also  fall  on  tha  aaBUi 
curva  as  tha  data  obtaload  In  pravloua  firings  with  this  noasla  conflgur- 
atlon. 

(C).'  Tha  noaala  afficiancy  based  00  notila  entrance  pressure  (PC-3) 

for  firings  30-32,  37-39,  43  and  46  is  shown  in  Figure  3-48.  The  average 
hrei  93'50  agrees  with  the  iip-.  Of  93.0  coaputad  for  tha  02/F2  injector 
coutguraClon  (Test  Series  4).  ' 


3. 4. 2. 4.2  lajectar  Characieri-iAw^ 

(I))  The  fuel  injector  conductance,  F.IJCF,  for  test  firings  30-34,  37-39, 

43  and  46  la  shown  in  Figure  3-49  aa  a  function  of  the  voluBMtric  flow  rate. 
The  fuel  aids  discharge  coefft  lent  conputed  from  the  average  conductance 
la  0.883  aa  coapared  with  tha  value  of  0.940  conputed  for  tha  oane  fuel 
orifice  ring  in  test  firing''  16-2B.  Soav  transducer  changes  were  made  b  - 
tween  teat  firings  28  and  30  and  the  value  of  0.885  is  believed  incor.ect 
due  to  the  fuel  injection  pressure  Dessureiient. 

Ths  conductsnes  on  the  osldlxcr  side  of  the  Injector  sssembly  is  ehown 
In  Figure  3-30  ss  a  function  of  ths  voluaetrlc  flow  rate.  The  nonlnal  dls- 
cfiarge  coefficient  coaputed  fron  the  conductance  le  0.714  which  la  aaaen- 
tlally  In  egreeaant  with  the  0.700  Cj  computed  for  the  0..A  oxldixer  orifice 
configuration  teated  In  firlnga  18-23.  The  0.714  Cj  repreaents  a  alight 
laprovetMint  over  Che  0.68  Cg  meaaured  for  the  unmodified  configuration. 

(C)  Tha  specific  Impulse  efficiency  for  the  X403829-16  (X403331-1  Mod.  Q 
oxidixer  orlf '  .e  ring)  la  ehown  in  Figure  3-51  aa  a  function  of  (^Pr)().3 
The  tscasuredAPf  for  this  series  is  corrected  by  the  retlo  nf 
(Cd^/Cdi)^  r  r. 68517  ■  0.886.  The  peak  perfonunce  occurs  at  a  nominal 
valtlii  of  1.90.  [7i40j 


3. 4. 2. 3  Test  Serlca  6  -  Firlnas  33-36 


3 . 4 . 2 . 3 . 1  Performance  Data 

The  third  onldixer  crlflcc  configuration  (03)  teated  wea  the  X404047-1 
(36  elemant)  ring.  Thia  ring  had  essentially  tha  seme  space  factor  (Up  4 
W^/UW  X  lOOZ)  as  Che  Ifo.  2  oxidiser  orifice  configuration,  with  npproxl- 
■aCaly  the  same  Injection  area  as  ths  Mo.  1  and  Mo.  2  oxldlsar  oriflcta. 

Only  two  taat  firings  vera  mads  with  this  configuration.  Both  firlnga 
(33-36)  wera  in  ths  24  inch  longsr  chasri>ar. 

Figure  3-32  ahowa  tha  maasurad  combustion  efficiency,  Vqh,  for  the 
two  firings.  Tha  performsnea  In  the  mixture  ratio  range  of  2.3  -  2.4  la 
coaiparabla  to  that  obtainad  with  tha  01B/F2  Injector  configuration.  At  tha 
highar  adxtura  ratio  (-2.7  0/F)  parformanca  was  rsducsd  drastically.  This 
lowarad  perfotmanca  la  ballavad  due  to  excessive  panatratlon  of  the  oxidlter 
atreiMi  at  tha  high  ^Fg/^Pf  ratio. 
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(C)  7ti«  coapuCMd  aoxzl«  atflciency,  for  Chia  scrlat  agrees  vlth 

ccapuced  for  the  prior  test  serlea  it  shown  In  Figure  3-S3.  The  for 

firings  3V36  is  0.93S  which  co■psre^  with  the  noBiinal  'lue  computed  for 
firings  30-32,  37-39,  43  and  nb. 

3. 4,2.5. 2  Injector  Characteristics 

(U)  The  fuel  injector  conductance,  KIJCF,  for  test  firings  35  snd  36  is 
shown  in  Figure  3-54  as  a  function  of  the  volusetric  flow  rate.  The  data 
for  firing  35  and  36  are  in  good  iigreemcnt  with  that  sesaured  during  firings 
30-46.  Tha  low  discharge  coefficient  for  the  fuel  orifice  la  still  indicated. 

(U)  The  conductance  on  the  oxidirer  eide  of  the  injector  aseembly  ia  shown 
In  Figure  3-55  as  a  function  of  the  volw^tric  flow  rate.  The  nominal  dis¬ 
charge  coefficient  computed  frca  the  conductance  tt  0.685  which  correeponda 
to  that  mersured  for  the  X4038'j1-1  orifice  ring  used  in  test  firings  11-17. 

'<3)  With  the  limited  number  of  firings  end  the  dlsagrecacaC  In  fuel  Injec¬ 
tion  OF'e  for  35  and  36  the  specific  impulse  tfflclen^ 
ea  s  function  of  injection  pressure  loss  ratio  (aP 

3. 4. 2. 6  Test  Series  7  -  Firings  44-45 

3.4. 2.6.1  Performance  Data 


w^^nuC  computed 


(U)  The  fourth  oxidizer  orifice  configuration  (05)  tested  wae  the  X403946-I, 
36  element  ring.  This  ring  wes  deslnged  to  opurato  with  a  back  orifice 
ring  (X404480-1)  assembled  Into  the  X4C4408-'5  Pintle  Tip  Aaeeirbly.  The  pur¬ 
pose  of  Che  back  ring  was  to  increase  the  L/0  of  both  primary  and  secondary 
orlficea  by  providing  a  flow  channel  for  the  oxidizer  prior  to  injection. 

The  orifice  ring  was  characterized  with  essentially  the  some  orifice  shape, 
spsue  factor  and  total  Injection  areas  as  the  ”B"  modification  of  the 
X403831-1  orifice  ring.  Only  two  test  firings  were  made  with  this  conflgur- 
etlon.  Both  firings  (44-45)  were  made  with  the  24  inch  longer  chamber. 

(1!  fhf  Masured  combustion  efficiency  for  this  configuration  waa  much 
lower  than  anticipated,  and  lt<  believed  due  to  inaufficienc  penetration 
of  tha  fuel  sheet  Into  the  oxidizer  filamente  at  the  Injector  operating 
coaditlons.  This  la  evidenced  by  Increaaing  perfonuanca  aa  the  mixture 
ratio  is  Increaaed  aa  shown  in  Figure  3-56.  However,  even  this  performance 
la  lass  man  ncaaured  with  the  OIB  configuration. 

(C)  The  computed  nozzle  efficiency,  n^pi  for  thle  serlee  (Figure  3-57) 
itgreea  with  the  nozzle  efficiency  computed  for  teat  aariez  3,  4,  5  and  6, 
with  a  nominal  efficiency  of  C.955. 

3. 4. 2.6. 2  Injector  Charzcterietlcs 

(U)  The  fuel  injector  conductance,  KI/'CF,  for  teat  firing  45  Indlcatea  an 
orifice  dlecherge  coefficient  (C,])  of  0.39  (ees  Figure  3-54).  As  in  teat 
eerlea  5  «nd  6,  thle  Cj  ia  believed  to  be  incorrect  due  to  the  fuel  injec¬ 
tion  prcrruc'S  Masureaent.  The  conductance  on  the  oxidizer  side  of  the 
Injector  saasably  zhows  a  wide  variation  vlth  volumetric  flow  rate.  The 
^do  >'sri.ar.lon  la  from  0.765  to  0.360  which  would  account  for  tha  reduced 
perFoosnea. 
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3.4<2.7  T>at  S*rla»  8  -  FirlngB  10I--102 


3.A.2e7.1  PTfonumc*  D«t« 


(U)  Xh«  Mjorlty  of  th«  dovolopnent  Injector  flrlnge  were  aade  during  the 
winter  aontbs  (December,  January  and  February)  with  propellanta  at  a  rela¬ 
tively  low  temperature  (leas  than  5S*F).  To  check  the  affect  of  propellant 
temperature  on  performance  the  01B/F2  development  injector  configuration 
waa  relnatated  In  the  24  inch  longer  chamber  and  two  teat  firings  ware  made 
on  7  July  1969.  Propellants  were  In  the  BO^P  to  90*F  temperature  range. 

The  01B/F2  injector  configuration  was  prevloualy  used  in  Teat  Series  S 
(Sea  Section  3.4. 2.4). 

(U)  Figure  3-58  ahowa  the  uieaaurad  thrust  as  a  function  of  the  noisla  etag- 
natlon  preaaure  computed  from  the  PC-1  measurement.  The  data  for  Teat 
Series  5  is  aha%m  for  comparloon  purposes.  The  computed  apeciflc  Impulse 
efficiency,  is  shown  In  Figure  3-59  as  a  fiactlon  of  mixture  ratio. 

Again,  the  data  for  Test  Series  5  Is  shown  for  comparison  purposes.  The 
computed  nozxla  efficiency  shown  In  Figure  3-60  Indicates  a  loss  In  effi¬ 
ciency  of  about  1  percent  when  compared  with  the  nominal  nozsla  efficiency. 

(U)  The  computed  combustion  efficiency,  for  firings  101-102  is  shown 

in  Figure  3-61  as  a  function  of  mixture  ratio.  The  data  for  Test  Series  S 
is  shown  also.  Following  test  firings  101-102  the  01B/F2  davelopoient  In¬ 
jector  configuration  was  water-flowed  ar.  the  TRW  Systems  Capistrano  Teat 
Site,  Photographs  taken  of  the  water- flow  show  considerable  leakage  at  the 
threaded  joint  between  the  oxidizer  ring  and  canterbody.  This  leakage  would 
cause  a  disruption  of  the  normal  fuel  flow  and  Is  assaased  to  be  the  pro¬ 
bable  cause  of  the  lowered  performance  measured  on  firings  101-102.  Water- 
flow  of  the  injector  is  discussed  fu-thcr  In  Section  3.4.4. 

3 . 4 . 2 • 7 . 2  Injector  Characteristics 

(^)  The  fuel  Injector  conductance,  KIJCF,  for  test  firings  101-102  is  shown 
in  Figure  3-62  as  a  function  of  the  volumetric  flowrate.  The  computed  con¬ 
ductance  la  based  on  the  assumption  that  the  data  tabulated  as  PlF-1  In  ths 
Canersl  Performance  Data  listing  is  In  reality  PlF-2.  Using  this  ( s sump¬ 
tion  results  in  a  reasonabla  system  conductance  (measured  betvmen  PLF  and 
PlF-2).  The  computed  conductances  for  the  two  firings  are  both  greater 
than  that  sieasursd  during  firings  30-46  and  approxlmataly  tha  same  as  ms- 
aurad  during  firings  16-28. 

The  oxidlzar  Injector  conductance,  KIJCO,  is  ehown  In  Figure  3-63  as  a 
function  of  the  volumetric  flow  rate.  Even  though  leakage  was  observed 
poat-tast  tha  cowputad  conductancs  is  In  sgrecmcnt  with  tha  nominal  value 
Mcaaured  during  test  firings  30-46  with  tha  OIB  orifice  configuration. 

3.4. 2,8  Teat  Series  9  -  Flrlnga  108-110 
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3. 4. 2.8.1  >«rfoni*nc«  P*f 

(0)  rollovliis  Cba  flrlns  (107)  of  tho  cooflcuratloa  1  ablatlvo  llxiod  choabor 
lo  Oocoabor  of  1969  (Soo  Voluaa  II)  o  dociolon  waa  aado  to  chock  tho  porfor- 
Moca  of  tba  davalopaanc  lajcctor  with  tha  06  ozldlaar  rlog  (X40410S-1>  aod 
F2  fual  ring.  Thia  oxldlaar  ring  had  baca  fabricated  aod  watar-flowod,  but 
not  taatad,  during  Taak  1  and  abowod  a  aora  uniform  apray  pattam  than  waa 
obaatvad  for  tha  denonatratlon  Injactora.  Tha  [W  +  W^)/UW]  factor  for  tha 
06  o.-ldlaar  ring  waa  0.60  whlla  tha  percantaga  of'aacondary  flow  waa  raducad 
froB  a  nominal  10.0  parcant  to  4.8  parcant  of  tha  total  flow.  Tha  nuabar  of 
oaldlxar  alamanta  waa  Incraaaad  to  48  prlmarlaa  and  48  aacondarlaa  aa  In  tha 
02  oaldlxar  rlog  (X404107-1). 

(U)  Thraa  taat  flrlnga  of  tha  06/72  Injactor  configuration  wara  mada. 
rigura  3'i4ahowa  tha  aaaaurad  thruat  aa  a  function  of  tha  noxxla  atagoatlon 
praaaura.  Tha  data  takan  during  thla  aarlaa  ahowa  axcallant  agraaauint  with 
tha  aarllar  data  (Flgura  3-3).  Tha  compucad  apaclflc  lapulaa  afflclancy. 
nxap  !•  ahown  In  Flgura  3-63  aa  a  function  of  alxturt  ratio  and  tha  coabua- 
tlon  afflclancy  la  alao  ahown  lo  Flgura  3-65.  Flgura  3-66  ahowa  tha  apaclflc 
lapulaa  afflclancy,  n.  aa  a  function  of  tha  Injactor  corralatlng 
paraaacar.  Tha  daahad*!lna  la  for  tha  02/72  Injactor  configuration  uaad 
In  taat  aarlaa  4.  Inaufflclant  data  waa  takan  to  datamlna  If  both 
Injactora  would  ahow  parformanca  paaka  at  tha  aaaa  valua  of  tho  corralatlng 
paraaator.  It  la  apparent  that  thla  configuration  raqulraa  a  higher  fuel 
Injactlon  velocity  at  tha  daalgn  alxtura  ratio  than  waa  poaalbla  with  tha 
72  fual  ring. 

3. 4. 2. 8. 2  Injactor  Charactarlatlca 

(U)  Tha  fual  and  oxldlxar  Injector  conductancaa.  K1JC7  and  KIJCO,  for 
taat  flrlnga  108-110  are  ohovn  In  Flgura  3-67 aa  a  function  of  tha  volumetric 
flow  rata.  Tha  fual  conductance  of  tha  72  fual  or If lea  ring  raaulta  In  a 
dlacharga  coefficient  of  0.95  which  la  In  agraeaant  with  the  valua  computed 
for  thla  ring  during  flrlnga  16-28.  Uowavar.  tha  0.95  dlacharga  coafflclant 
la  higher  chan  tha  valua  aaac.urad  during  flrlnga  30-46  and  101-102. 

(U)  Tha  avaraga  oxldlxar  Injector  conduccanca  of  5.65  raaulta  In  a  dla¬ 
charga  coafflclant  of  0.64  which  la  aomawhat  lower  than  tha  dlacharga 
coafflclanta  maaaured  for  prrvloua  Injector  davalopaanc  orifice  rlnga. 

3.4,3  Damonatraclon  Injector  Flrlnga 

3. 4. 3.1  Checkout  Flrlnga  -  S/N  001  Injector 

3. 4. 3. 1.1  rerforaance  Data 

(U)  Tha  S/N  001  Injector  wee  tha  Initial  dcmonatratlon  Injector  delivered 
to  tha  ATKPL  for  teat.  Tha  deaMnatratlon  injector  oxldlxar  orifice  con¬ 
figuration  waa  nearly  Idanclcal  In  ahapa  to  tho  OlA  oxldlaar  orifice  con¬ 
figuration  teated  In  Teat  Sarlea  3.  Tha  major  change  In  thla  configuration 
waa  an  Incraoaa  in  araa  by  approxlaataly  10  parcent  In  order  to  raduen  tha 
oxldlxar  Injection  AP  by  appro> taacely  20  percent.  Injector  performance 
waa  expected  Co  be  nearly  Identical  to  that  shown  on  Figure  3-43  for  tha 
01B/F2  configuration. 
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(C)  flgura  3-68  show*  th«  Muurcd  thrust  u  d  fuocCloa  of  oossls  atsgns- 
(too  prMKuro.  Tbs  noxtls  stagnsclon  prssaurs  Poi  is  tha  lajsctor  end 
prsssurs  (PC-L)  corrsctsd  for  «n  <•  2.23  sad  s  Y  -  1.233.  Flgurs  >'68 
also  shows  ths  Msaurad  thrust  as  s  functloa  of  nosxls  stagnation  praasurs 
coaputsd  fro*  PC-4  (noxslo  sntrancs  presaura)  corracCad  for  an  •  2.25 
and  a  Y  ••  1.235.  Tba  data  for  firings  72-77  show  good  agreanant  with  tha 
data  obtalriad  with  tha  01B/F2  configuration.  Tha  avaraga  noasla  afflclancy. 
shown  la  Pigura  3-69,  of  95.40  also  la  good  agraenant  with  tha  noalnal 
valua  of  93.30. 

(U)  Tha  coaputad  apaclflc  iapulsa  afflclancy,  is  shown  in  Flgura  3-  70 

as  a  function  at  nlxCura  ratio.  Tba  coaputad  coabustlon  afflclancy,  *)(.«, 
for  taat  firings  72-77  la  shown  in  Flgura  3-71  as  a  function  of  nixtura 
ratio.  Data  for  taat  aarlas  5  la  shown  for  conparatlvs  purposaa.  Tha  data 
ars  widsly  scattarad  and  ara  groupad  according  to  nosals  stagnation  praa- 
sura.  Tha  dlffarancc  bacwaan  tast  serlas  5  and  this  sarlaa  is  unaxplalnad. 

3. 4. 3. 1.2  Inlactor  Charsctarlatlca 

Tha  fual  InJ  actor  conductanca,  KIJCF,  for  tast  firings  72-77  la  shown 
in  Flgura  >- 72  as  a  function  of  tha  volvsaatric  flow  rata.  Tha  fual  side 
discharge  coafficlant  coaputad  froa  the  avaraga  conductanca  la  greater 
than  1.04  an  cooparad  with  tha  Cd  value  of  0.B8S  conputed  for  tha  soaa 
fual  Injection  area  In  test  firings  30-46.  In  ordar  to  cry  and  sscsrlain 
the  causa  of  the  vary  high  discharge  coafficlant  the  various  fual  faad 
systan  conducCancas  wars  asanlnad.  Figure  3-73  shows  tha  line  conductance, 
based  on (PLF)-(PC-l } ,  for  various  volumetric  flow  rates.  average  line 

conductanca  la  about  7  percent  greater  than  that  previously  seasured  during 
test  firings  18-46.  The  Internal  fuel  injector  loaace,  (PXr-l)-(P) F-2)  are 
shown  in  Figure  3-74.  These  conductsnees  agree  with  the  noalnal  value 
calculated  for  test  firings  18-28  (Intemsl  losses  wars  not  osssured  on 
test  firings  29-46).  Ths  low  conductanca  for  rest  firing  77  Is  unespislncd. 

(U)  Tits  oxtdlzsr  Injector  conductance,  KIJCO,  for  test  firings  72-77  is 
shown  la  Flgurs  3-75  as  s  function  of  the  volumetric  flow  rats.  The  Indi¬ 
cated  oxldlasr  aids  discharge  coefficient  coaputad  froa  ths  svsrsgt  conduc- 
tai<:s  is  about  three  percent  less  than  the  Cgo  coaputad  for  the  OIB  con- 
flguraCloQ  eoployed  on  test  flrinae  30-39,  43,  end  46.  3ba  oxldtxer  line 
conductance  (KLO)  shows  s  ouch  greater  variation  then  would  be  expected. 

3.4,J,2  Durability  Firing  =  S/K  001  Ir.leccor 

3. 4. 3. 2.1  Psrfonasncs  Pets 

(U)  Tbs  initial  deaonstrsClon  Injector  delivered  to  tha  AFXPL  (S/N  001) 
waa  anbjactad  to  a  10  second  duration  firing  to  check  tha  durability  of 
tha  Injector  pintle  tip.  Thla  Injector  waa  flrad  using  the  aodlfled 
X403646-10  chamber  (aea  Section  1.3. 1.2)  lined  with  a  low-coat  gypaun- 
phenollc  Inaulatlon  on  taat  firing  78.  Thla  chamber  la  6  inchea  ehorter 
than  tha  chamber  aaployad  in  test  firings  72-77  and  has  an  L*  of  108  Inchsa. 
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Mlxtura  Ratio 

(C)  rigum  >>(9  Moxxi*  Efficiency,  Teec  Firing!  11-11  CU) 


Mixture  Ratio 

(C)  Figure  3-70  Specific  Iwpulae  Efficiency,  Teet  Flrlnge  72-77  (0) 


Mixture  Ratio 

(C)  Figure  >-71.  Coe^iuetion  Efficiency,  Teit  Flrlnga  72-77  (U) 
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Fu«l  Volunetric  Flowrate,  ft^/aec 
(U)  Figure  3-72.  Fuel  Injector  Conductance^^Tej t  Firings  72-77  (UJ 
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(U)  Figure  3—73.  Fuel  Line  Conductance,  S/N  001  Injector  (U) 
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(U)  Mgura  3-76  abowt  tha  coapucad  apaclfic  lapulsa  afficlcncyi  ’Jiap.  « 
a  fuacclon  of  mlatura  ratio.  Tha  dac.  froa  taat  flringa  72-77  at  300  pol 
la  abown  for  comparatlva  purpoaaa.  It  ahould  ba  notad  that  tha  parforaanca 
obtalnad  on  taat  firing  78  la  about  the  aaaa  level  aa  that  obtained  during 
flrlnga  72-77  in  a  alx  inch  longer  chanbar  during  tha  Initial  flrat  aacond 
of  tha  firing.  However,  the  data  for  firing  78  alao  Indlcataa  a  2  percent 
perfuruance  Increaae  with  time. 

3.4. 3.2.2  Inlector  Characterlatlca 

(U)  llie  fuel  injector  conductance,  KIJCF,  for  teat  firing  78  la  ahown  In 
Flgura  3-77  aa  a  function  of  tha  volumetric  flow  rate.  Tiie  fuel  aide  con¬ 
ductance  la  10  percent  lower  chan  that  meaaured  on  Che  precaedlng  alx 
flrlnga  and  more  In  line  with  what  waa  experienced  on  teat  flrlnga  18-46. 

The  line  conductance  KLJCF  la  alao  lowtr  Chan  that  meaaured  during  flrlnga 
72-77.  In  addition,  tha  Intamal  fue;.  Injector  conductance,  which  la  baaed 
on  the  pteaaura  loaa  between  PlF-1  and  PIF-2,  la  conaiderably  lowar  Chan 
chat  maaaured  during  flrlnga  18-26  and  confirmed  during  flrlnga  72-76. 

Tha  fuel  aide  conductancea  for  all  three  Itema,  UJCF  ,  KLJCF,  and  KMJCF  all 
ahow  a  tlma  dependence  during  the  approximate  10  aecond  firing  duration  aa 
ahown  In  Figure  3-78. 

(U)  The  oxldlxar  Injection  conductance,  KIJCO  la  aomewhat  lower  than  meaaured 
during  flrlnga  72-77  aa  ahown  In  Figure  3-73.  Tha  oxldlxar  Injection  con¬ 
ductance  la  time  dependent  in  about  the  aama  manner  as  the  fuel  injection 
conductanca.  Tha  PLO  maaaurcnant  was  not  available  on  teat  firing  76;  there¬ 
fore  tha  line  conductance  could  not  ba  calculated. 

3. 4. 3. 3  Additional  Flrlnga  -  S/N  001  Injector 

3 . 4 . 3 . 3 . 1  Performance  Data 

(17)  The  S/N  001  '*nJector  used  in  test  firings  72-78  was  teat  fired  In  con¬ 
junction  with  Che  X403646-14  thrust  chamber  configuration.  Thla  chamber 
configuration  vab  Identical  to  Che  X403646-11  thrust  chamber,  except  for 
the  addition  of  the  turbulence  ring  (X404469-1). 

(0)  Figure  3-79  shows  the  meaaured  thrust  as  a  function  of  noxxle  atagna- 
tlon  priaaurc,  Po.  The  nozxle  stagnation  presaurs  la  the  noxxle  entrance 
pressure  (PC-4)  corrected  for  an  Cc  ■  2.23  and  a  1.233.  Tha  computed 
specific  lapulsa  efficiency,  la  ahown  In  Figure  3-BO  aa  a  fu.ictlon  of 

nixture  ratio.  The  data  fi.r  teat  firings  72-77  la  ahown  for  comparative 
purpoees  on  both  Flgurea  3-79  and  3-80. 
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(C}  Figure  S>76.  Specific  lapulee  Efflclency-Durebllity  Firing  Mo.  78  (U) 


(C)  Figure  3-77.  Fuel  Injector  Conductance-Durebllity  Firing  Ho.  78  (UJ 
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(U)  Figure  3-78.  Fuel  Side  ConductancM  u  a  Functioo  of  TIjm, Durability 

Firing  Mo,  7®  (U) 
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(C)  Xhm  CMibiwtloa  afflclMocy  for  flrloipi  90-93  la  ahoim  la  Flcuro  3-tll  . 
Tbaaa  afflclcaelM  ara  ct^uead  uaiii«  FC-4,  corractad  to  ooaala  ataiaacloa 
praaauTC.  Tba  data  for  taat  flrla«a  72-75  aad  98-100  (aaa  Sactloa  3.4.3.A.1) 
la  ahown  for  coaparaClva  purpoaaa.  Although  tha  data  for  taat  flrloga 
72-75  ara  badly  acattarad  they  ahow  gaoaral  atraaaaat  with  tha  data  obtalaad 
with  tha  S/M  002  laJacCor.  It  appaara  that  tha  turhulaaca  ring  la  raapoo- 
albla  for  about  a  ooa  aad  ooa-balf  (1.5)  parcant  locraaaa  In  coabuatloa 
afflciiBcy. 

3.4.3.4t.2  Inlactor  Qiaractarlatlca 

(U)  Tha  fual  lajactor  conduccanca,  KIJCF.  for  flrlnga  90-93  la  ahwm  la 
rigura  >-7t  aa  a  fiactloo  of  tha  woluaatrlc  flow  rata.  Tha  cooductaacaa 
ahown  ara  baaad  oo  tba  praaaura  loaa  batwaaa  tha  PIF-1*  Baaaunaiaat  aad 
tha  PC-1  Maauraawnt.  Thara  waa  no  PIF-2  ■aaaurMiant  during  thla  aarlaa 
and  tba  PIF-1  tranaducar  waa  locatad  in  tha  PIF-I*  port  which  la  oo  tha 
toroidal  naalfold  180*  ranovad  fron  tha?IF-l  port.  Tha  cooductaacaa  for 
90-93  ahow  good  agraaatant  with  tha  data  of  flrloga  72-77  whan  cotiparad  on 
tha  aana  baala.  Tha  llaa  conductanca,  KUCF,  ahowa  good  agmaaont  alao 
with  tha  data  txcm  flrloga  72-77. 

(U)  Tha  oxldlaar  Injactlon  conductanca,  XIJCO,  for  taat  flringa  91-93  la 
ahown  In  Flgura  y-Ti  aa  a  function  of  tha  wolxanatrlc  flow  rata.  Tha  data 
ahowa  a  ganaral  ograenant  with  Uiat  Moaurad  during  flringa  72-78  although 
tha  KIJCO  for  firing  90  la  about  10  parcant  graatar  than  tha  72-76,  91-93 

avaraga. 

3. 4. 3. 4  Chackout  Flrtnaa  -  5/N  002  Inlactor 
3. 4. 3. 4.1  Parfomanca  Data 

(U)  Tha  S/N  002  Injector  was  tha  only  othar  danonat ration  Injector  chackad 
out  during  Taak  1  (taat  flringa  98-100).  Tha  orifice  configuration  wae 
nearly  Identical,  In  all  reepecte,  to  tha  S/N  001  Injector  fired  on  teata 
72-78  and  90-93.  Tha  S/N  002  Injector  waa  taat  fired  ualng  Che  X403646-11 
thruat  chaafaar  configuration  (without  turbulanca  ring). 

(C)  Flgura  3-82  ahowa  tha  awaaured  thruat  oa  a  function  of  noacla  atagna- 
tion  praaaura,  Pg.  Tha  noaala  atognatlon  praaaura  la  tha  Injector  end 
preaeura  (PC-l)  or  the  average  of  PC-l/FC-lA  corrected  for  an  -  2.25  and 
aV*  1.235.  Flgura  ><83  ahowa  an  apparent  4  percent  loaa  In  thruat  coaffl- 
clant  for  taat  flringa  98-100.  Thla  loaa  waa  not  apparent  In  taat  flringa 
101-102  which  uaad  tha  aaoia  coabuation  chnwbar  but  uaad  tha  davelopwant 
injector  (01B/P2). 

(U)  Figure  }-84  ahowa  tha  naaaurvd  apaciflc  laipulaa  afflclancy  aa  a  func¬ 
tion  of  aiatura  ratio.  Tha  S/N  002  injector  parfoma  aa  wall  aa  tha  01B/r2 
d'lvalopaMnt  Injector  conf Iguratlon  If  tha  co«q>utad  apaciflc  iwpulac  affl- 
clanclaa  ara  corractad  by  tha  ratio  of  noaila  afflclanciaa  ahown  In  Figure 
3-83.  Tha  cowbuetloo  afflclancy,  ’>c*  for  taat  flringa  98-100,  la  ahown  In 
Flgura  3- As  aa  a  function  of  alxtura  ratio.  Tha  ^Qt,  la  baaed  on  a  F^  coa- 
putad  frooi  PC-1  or  the  average  of  PC-l/PC-lA  corractad  to  noiila  etagnatlon 
for  on  ic  **  2.25  and  a  V  -  1.235.  The  cowbuatlon  efficiency  of  the  S/N  002 
Injector  la  about  2  percent  greater  than  that  naaaured  with  tha  S/N  001 
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(U)  Injector  (ahown  aa  tha  daahad  llna),  although  the  data  froa  test  firings 
72-71  are  so  widely  scattered  i.:.ac  the  coeparlton  la  aoeewhat  clouded.  The 
coebuatlon  efficiency  of  the  S/N  002  Injector  caaentlally  Batches  the  por- 
forvance  obtained  with  the  01B/F2  Injector  configuration  In  firings  37-39. 

43,  and  46  (See  Figure  3-45), 

3.4. 3.4.2  Inlector  rhar<cterleelca 

(U)  The  fuel  Injector  conductance,  KIJCF,  for  test  firings  98-100  is  s)iown 
In  Figure  3-86  as  a  function  of  the  voluaerric  flow  rate.  The  PIF-1  nies- 
surenent  (fuel  Inlet)  listing  In  the  General  Performance  Data  was  actually 
located  on  the  PlF-2  poet.  The  average  KIJCF  of  5.85  Is  approximately  4 
percent  greater  than  the  KIJCF  computed  from  the  data  on  firings  72-77,  and 
90-93.  The  KLJCF  measured  averaged  3.47  which  Is  in  good  agreement  with 
Che  data  taken  during  firings  72-77  and  90-93.  Figure  3-B7  shows  the  KLJCF 
fur  this  test  series.  The  oxidizer  Injector  conductance,  KIJCO  for  test 
firings  96-100  Is  shown  In  Figure  3-88.  These  measurenents  show  general 
agret-nenc  with  the  data  generated  with  the  S/N  001  injector. 

3.4.4  Injector  Hydraulic  Tests 

(h|  The  three  basic  Injector  configurations  used  In  the  Task  1  test  prograin 
ware  hydro-tested  at  the  THU  Systems  Capistrano  Test  Site  following  comple¬ 
tion  of  Che  hoC-flllng  tests.  The  three  Injectors  water  flowed  Included 
the  X403666-1  (facility  checkout  Injector),  the  X403829-16  (01B/F2)  develop¬ 
ment  Injector,  and  the  X404056-1  (S/N  002)  demonstration  injector, 

3.4.4. 1  Facility  Checkout  Injector 

(0)  Water-flow  of  the  facility  checkout  Injector  w.is  conducted  at  100  per¬ 
cent  of  rated  flow  on  (he  fuel  aide  oT  the  Injector  and  100,  90,  70  and  5U 
percent  of  rated  flow  on  the  oxidizer  side  of  the  Injector.  Ttie  experimen¬ 
tally  determined  discharge  coefficients  for  these  tests  are  essentislly  In 
agreemsnt  with  those  determined  In  August  1966  prior  to  shipment  of  tlic 
Injector  to  ths  AFRPL  (See  Appendix  A).  The  fuel  side  dlschsrge  coefficient 
at  100  percent  of  rated  flow  waa  0.960  while  the  discharge  coefficient  on  the 
oxidizer  side  of  the  Injector  waa  C.725  which  was  In  agreement  with  that 
mesaured  earlier.  The  spray  pattern  produced  by  the  oxidizer  orifice  ap¬ 
peared  to  be  similar  to  that  observed  previously. 

3. 4. 4. 2  Developiient  Injector 

(0)  Water-flow  of  the  development  injector  aitembly  (O10/F2)  waa  conducted 
at  100  percent  of  rated  flow  on  the  fuel  aide  of  the  Injector  and  at  100,  90, 
70  and  50  percent  of  rated  flow  on  the  oxidizer  side  of  the  Injector.  The 
Measured  discharge  coefficient  on  the  fuel  aide  wss  0.575  which  is  in 
agrsenent  with  thst  obssrvtd  during  test  firings  30-46.  Wa*.er-flov  of  ths 
oxidizer  side  of  the  dcvclopsMnt  Injector  asacmbly  dlacloacd  a  alight  lea¬ 
kage  batween  the  thresda  of  the  orifice  ring  and  the  Injector  centerbody. 
Figure  3-89  la  a  photograph  of  the  water-flow  of  the  oxidizer  orifice  ring 
at  100  parcanc  of  rated  flow.  The  Injector  pressure  los-  dsta  for  this 
water-flow  test  asrlea  Is  shown  In  Figure  3-90  as  a  function  of  the  volu¬ 
metric  flow  rats.  The  calculated  discharge  coefficient,  C^q,  for  the  water- 
flow  was  only  slightly  greater  than  that  measured  during  teet  series  5, 
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The  oxidizer  leakage  becweea  Che  chreada  la  assesaed  co  be  the  probable 
cauae  of  Che  low  pecforoiance  measured  during  ceac  series  8  (101-102). 

3 . 4 . 4 . 3  Demonatratlon  Injector 

(0)  WaCer-flow  of  che  S/N  002  demonatraclon  InJecCor  was  conducted  at  100 
and  22  percent  of  raced  flow  on  Che  fuel  side  and  at  lOOi  90,  70  and  30 
percenc  of  raced  flow  on  the  oxidizer  aide  of  the  injector.  Figure 
shows  the  flow  through  the  oxidizer  orifices  at  100  percent  of  rated  flow. 
The  Individual  streams  appear  Co  be  somewhat  broader  across  the  top  of  Che 
keyhole  than  the  OIB  Injector  configuration  (See  Figure  3-90).  The  fuel 
side  coefficient  was  calculated  Co  be  0.923  as  compared  to  a  value  greater 
chan  1.03  computed  for  the  fuel  side  during  firings  98-100.  The  oxidizer 
orifice  discharge  coefficient  was  nearly  Identical  Co  that  measured  during 
firings  98-100.  Figure  3-92  shows  the  Injector  pressure  loss  data  as  a 
function  of  Che  volumetric  flow  rate. 


(U)  Figure  3-91  .  Water  Flow  of  Demonstration  Injector  S/N  002  n  lOOli  (U) 
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(U)  Figure  S~92-  Injection  Pressure  Loss, 
S/N  002  Demonstration  Injector  (u) 


(U)  Baaed  on  Che  hydraulic  teats  of  the  S/N  002  deaonatrat ion  injector 
and  subaequent  long  duration  firing  (See  Volume  11}  it  would  appear  Chat 
Che  high  fuel  injector  conductance  (KIJCF)  and  oxidiser  injector  conduc¬ 
tance  (KIJCO)  and  the  low  efficiency  ia  due,  at  least  in  part,  to  an 
erronaoualy  high  chamber  pressure  measurement. 
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4.  SCALING 


4.1  CEMEIUUL 

(U)  Tb«  HCO  Launch  Vehicle  concept  is  predlcateii  on  the  ability  to 
acale  the  engine  designs  over  an  approximate  100/1  thrust  range,  or  from 
50,000  Ibf  thruat  to  SOOOK  Ibf  thrust.  Both  the  performance  and  coodiustioki 
stability  of  the  engine  design  must  show  the  feasibility  of  being  scaled 
over  this  thrust  range.  The  TRU  Systems  approach  to  the  scalable  engine 
design  is  to  maintain  hydraulic  similarity  of  the  coaxial  injector  and 
geometric  similarity  of  the  combustion  chamber  using  the  scaling  model 
which  has  been  developed.  Point  designs  of  several  site  engines  have  been 
completed  and  various  fabrication  and  performance  parameters  have  bren 
correlated  with  existing  inforstation  and  data. 

4.2  SCALING  VERIFICATION 


4.2.1  Momentum  Correlation 


(U)  The  moountum  correlacitig  parameters,  as  mudlfied  after  Kelbling's 
correlation,  indicat.es  the  ouixlmun  mixing  efficiency  for  the  range  of 
Che  variable  Invest i g.i:ed.  insufficient  data  was  taken  to  accurately 
predict  peak  values.  Correlation  of  this  parameter  for  various  injector 
configurations  (36  element  versus  4H  elesient,  and  for  various  percentage 
blockagi')  has  been  Attempted  but  has  not  been  completely  sucri'Hsful. 
Mixing,  <fr  atomization,  appears  to  he  stronjjly  dependent  on  not  only  the 
momentum  ratio  but  also  on  the  absolute  Injection  pressure  level  ss 
evidenced  by  Che  lowered  performance  when  the  flow  rates  were  throttled 
back  to  give  chamber  pressures  of  200  psla. 

4 . 2 . 1 . 1  Effect  of  Number  of  Orifices 

(C)  both  36  and  48  element  oxidizer  orifice  rings  were  evaluated  during 
tile  injector  development  task.  The  performance  of  the  two  configurations 
are  within  1  percent  of  each  other  in  the  60-lnch  long  heat  alnk  chamber 
(Fluures  J-4i  and  3-'»l).  The  36  element  oxidizer  orifice  ring  had  a 
60  percent  blockage  to  fuel  while  the  48  element  oxidizer  orifice  ring  had 
a  67  ’ sreent  blockage  to  fuel.  This  fsetor  probably  has  a  greater  effect 
on  pt  /ormance  than  the  number  of  orifices  (Section  4,2.1>3). 

4 . 2 . 1 . 2  location  of  Secondary  Orifices 


(U)  The  location  of  the  secondary  orifices  does  not  appear  to  be  a 
sig.nif leant  injector  parameter,  at  least  for  the  changes  investigated  in 
this  program.  Doth  the  OlA  and  OIR  oxidizer  orifice  rings  perforated 
idontlcal  and  the  only  change  between  the  two  conflguratlona  was  in  the 
lorstlnn  of  the  secondary  orifice.  The  05  oxidizer  orifice  ring  had  a 
major  relocation  of  the  lecondary  orifice  but  eleo  had  a  flow  etraightener 
ring  added  which  precludes  any  evaluation  of  the  effect  of  the  location 
of  the  secondary  orifice. 
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(C)  On«  of  th«  More  iaportanc  Injector  pnraMCara  la  the  apaclns  between 
eleBcnta  or  blockage  to  fuel  flow.  Elcaeota  with  blockage  percentagea 
of  SO  percent  to  67  percent  were  evaluated.  For  the  orifice  conf igurationa 
eeployed  In  thla  prograa,  the  bptleua  percent  blockage  appeara  to  be  about 
60  percent.  Only  two  tcata  were  run  with  the  03  oxldlaer  orifice  ring 
(Teat  Serlea  6)  and  the  perforeance  of  thla  configuration  l*i  inconclusive. 

4. 2. 1.4  Shape 

(U)  The  orifice  ahapea  for  all  developawnt  injecto.'  conf igucat Iona  evaluated 
were  esaentlally  the  aaae  (keyhole),  and  had  the  aaae  ring'wall  thickneaa. 

The  facility  checkout  injector  had  an  orifice  wall  thickneaa  about  30 
percent  that  of  the  development  injector  conf igurationa  and  the  injection 
apray  pattern  waa  obvloualy  different.  Thla  aapect  of  the  injector  design 
requires  further  study. 

4.2.2  Throttling 

(C)  Test  data  was  taken  for  several  configurations  over  the  pressure  range 
of  200  psle  to  300  psia.  For  fixed  area  injectors  this  results  in  an 
injection  dP  decrease  of  roughly  SO  percent  (correcting  for  increased  flow 
rate  due  to  loss  in  performance).  The  best  estimate  of  this  parformance 
loss  is  nearly  S  per..ent  for  a  decrease  in  Injection  pressure  by  SO 
percent . 

(0)  The  masa  median  drop  radluc  (see  Section  2. 1.3. 2)  would  be  expected 
to  Increase  by  30  percent  for  this  decrease  in  injection  preesure.  The 
one-dlncnalonal  vaporization  rate-limited  coabuatlon  efficiency  analysis 
Indicates  that  the  expected  toes  in  performance  would  be  S.S  percent  for 
a  decrease  In  chamber  pressure  from  300  paia  to  200  pala.  Thua ,  the 
injector  flP  can  be  seen  to  be  a  very  Importan  »’-i«eter  In  deternlnlng 
the  engine  performance. 

4.2.3  Effect  of  Chamber  Length 

(C)  The  chamber  length  Is  probably  the  siost  Important  element  In  the 
determination  of  engine  perf omuince.  The  test  data  Indlrates  that  the 
overall  process  occurring  In  the  combustion  chsaber  Is  vaporization  rate 
limited.  The  correlation  of  chamber  length  as  a  function  of  chamber 
diameter  originally  proposed  and  given  by  Equation  4-1 

L  •  1.45  0  where  (4-1) 

e  c 

■  length  between  Impingement  plane  and  throat  plane 
appeare  valid  for  engines  up  to  250,000  Ibf  thrust. 
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(C)  Th«  use  ot  a  one-dlMnBlonal  vaporization  ratc-llalted  coabustlon 
afflclency  analyala  (Section  2. 1.3. 2)  Indlcataa  the  uae  of  the  original 
length  correlating  parameter  predicts  a  coabustlon  efficiency  for  the 
3000K  Ibf  thrust  engine  that  la  4  perc^'nt  greater  chan  that  of  the  250,000 
Ibf  thrust  engine.  This  suggests  that  the  L  /D  paraaeter  should  vary 
with  thrust  level  especially  for  thrust  levels  greater  than  250,000  Ibf 
thrust . 

4.3  DESIGN  AND  FABRICATION 
4.3.1  General 


(C)  Three  point  designs.  Figures  4-1,  4-2,  and  4-3  were  configured.  These 
designs  are  based  on  achieving  a  specific  Inpulse  efficiency  of  90  percent 
(based  on  theoretical  shifting  equilibrium  values)  with  Che  N_0^/UDMH  pro¬ 
pellant  coBiblnatlon  at  a  chaaber  pressure  of  300  psla.  A  nominal  mixture 
ratio  (0/F)  of  2.60  was  selected.  The  chamber  length  was  determined  from 
the  relation,  »  1.63.  The  ablative  liners  were  sized  for  test  dura¬ 

tions  of  120,  26U  and  -'5  seconds  for  Che  ctage  one,  stage  two,  stage  three 
engines,  respectively. 

(.)  Figure  4-4  shows  approxlmace  dlioenslana  for  combustion  chambers 
In  the  50,000  Ibf  to  5000K  Ibf  thrust  range  as  a  function  of  thrust  level. 
The  various  diaueters  and  lengths  (except  for  chamber  length)  are  geometric 
scalings  of  the  dimensions  of  the  250,000  Ibf  thrust  (vacuum)  demonstration 
hardware  tested  In  this  program.  The  chamber  length  Is  based  upon  results 
of  a  vaporization  rate-limited  analyala  as  dlscu&aed  previously.  The  nozzle 
length  Is  for  a  15-degree  half  angle  expansion  cone. 

(C)  The  fuel  and  oxidizer  orifices  ere  determined  from  the  required 
injection  velocities  (AP's),  spacing,  pintle  diameter  as  shown  in  the 
following  example. 


F  •  3000K  at  aes  level,  e  •  4/1,  0/F  -  2.6 

— 3000K —  jQQ  „  /sec 

t  225  (902) 

D  -  0.4  /13,300  -  46.2  in. 

P  - 

The  fuel  injection  ..rea  may  now  be  computed. 


13.300 


(1  +  0/F)  49.5  V 


f 


Vj  -  96.30  Cdj  /6 0/49 .'5  for  -  60  psl 


V,  -  106  ft/sec  for  Cd,  -  1.0 


13,300 


(3.6)  49,5  (106) 
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0.705  't  or  101,5  sq.  In. 


"t 

101. 5 


CO?J?223j:1TIAL 


-  »/4 


coariDseiTiAi 


11199-6006-18-00 

tmge  4-5 


J _ 1 _ 1 


1 


((')  Flgurt  4-2.  Preliminary  Dealgi 
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(C)  Figure  4-3.  Prellialnary  Design, 
57. 8K  Ihj  Thrust 

(Vacuum)  Engine  (") 
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(C)  The  prlaery  oxidizer  orifice  !■  keyhole  In  shape  with  an  crca  of  4^90 
square  Inches.  The  U  ts  2.06  Inches  with  an  L  of  3.12  inches.  The  VJ. 

Is  spproxlMstely  1.30^ inches  wide.  The  eecondsry  oxidizer  orifice  Is  sp- 
proxlsLSCely  0.36  Inches  wide  by  l.SO  Inches  long. 

4.3.2  yabricaclon 

4. 3. 2.1  Pressure  She  1  is/ In  1 ectors 

(Uj  The  designs  of  large  cotzbuatioii  chaBbers  were  subnitted  to  various 
commercial  fabricators  to  determine  the  featlbillty  of  fabricating  the 
large  structures.  Ic  is  concluded  that  the  designs  shown  are  practicable 
for  a  number  of  materials,  Including  t4y-140  and  United  States  Steel  T~1 
steel  alloy,  using  current  coosserclal  fabrication  techniques.  Sizes  up 
to  3000K  Ibf  thrust  do  not  require  any  long  material  procurement  lead  times 
fur  special  gage  steel  sheets  nor  does  the  handling  or  t ranspor tst ion  of 
this  engine  size  create  any  special  problems. 

4 .  1.2.2  Ablative  Llnc-r^ 

fU)  A  number  ol  iblatlve  liner  f  abr  ic.*t  ion  and  InMallatlon  tr.ellu>d.s  h.ive 
been  studied  (or  t  tie  v.irl  iui  thrust  .in-  engines.  for  the  30(t0K  Ihl 
tliruit  engine  size  ttn-re  are  several  metliods  which  .»re  feasible.  Tlic 
rutterlils  uhliti  .ippe.ir  ipp  1 1  c  ,»li  1  «•  ar.-  itie  s  1 1  Ic.i-pheno  I  Ir  s  ( broadgoods  , 
t.tpe,  molding  compoond  ,  or  .  ,ist  ah  1 1••. )  ,  filled  s  1  1  1 1  . 'iii  -  r  ohhe  r  s  .ind  In  Kome 
app  I  1  cot  I  MIS  ,  .isbes  t  c -ptieiii.  1  Ic  s  .  I  he  t.ibrKatlon  metln'Js  appllcalile 
for  eai  ti  .d  ttie  sutterl.il  clisses  .ir<’  dlHiussed  In  t  lie  lollowing  seitlons. 

4  .  1 .  J  .  2  .  I  Sll  K.l-Plienol  I.  h.>terlaU 

U' I  The  s  1 1  Ic  a-ptieno  1  1 1  m.iterlals  .ippear  to  be  t  h«>  only  m.iterlal  ai  c  ept  ahl  e 
as  a  thro  It  Insert  lor  first  stage  engines  {.ipproslm.itely  140  mrondh  burn 
lime)  souiller  thin  2VJ,()O0  Ibf  ttirusi  .  Tliese  thro, it  inserts  (oold  he  tape- 
wrapped  .in  .1  oule  mandrel,  either  .ml  i>c  1  aved  .ir  hydroi  laved  cured,  m.u  li  1  ned  , 
and  sc'con.l.ir  1 1  y  bonded  Int  '  tlie  pressure  stiell.  T(ie  only  llmllallon  on 
throat  Insert  size  Is  toe  .iva  1  l.ih  i  1  1 1  y  of  wrapping  and  curing  l.icllllleN. 
Prcsentl/i  components  lor  the  3000K  engine  size  appear  feasible. 

(U)  The  hroadgoods  fern  of  s  1 1  I  ca-phenol  i  r  B.iterlals  appear  advantageous 
In  areas  where  the  br.'a*lgoods  can  he  Installed  using  n  h.inj  lay-up  technique, 
especially  where  the  p.irt  r.m  be  cured  Insitu  at  low  pressure. 

4  .  1 . 2  .  2 . 2  FI  1 led-Sl 1 1.  one  Rubbzr 

(L)  The  f  I  I  led-s  I  1  Ir  'III'  rubbers  can  be  readily  cast  into  the  shell  and 
bonded  simultaneously  or  ist  as  segments  and  bonded  Into  the  shell  after 
cure.  The  f  1 1 1  ed  •  s  1 1  i  i  one  rubbers  show  promise  as  .i  thioat  Insert,  espei - 
l.llly  for  first  st.ige  engine  sizes  larger  than  230,000  Ibf.  Tlir  primary 
application  of  tliesc  m.iterlals  will  be  In  the  exit  cones  where  weight  Is 
very  Important  and  the  contoured  exp.inslon  section  ran  he  readily  maintained. 

(U)  The  silicone  rubber  bonds  very  well  to  both  the  pressure  shell  and 
other  silicone  rubber  components.  Neither  the  mixing  or  casting  of  large 
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(U)  sb*!!*  or  sc^oncs  aptMsr  to  b«  Inauraountabiit  problcM.  Caro  wtat 

ba  takaa  to  avoid  aatrapaant  of  air  during  tha  caatlng  proeaaa  which  la 
poaalbla  through  tha  uaa  of  propar  tooling. 

4. 3. 2.2.1  Othar  Materlala 

(U)  Tha  caatabla  alllct-phanollc  saterlali  auch  aa  Ironaldea  Raaln  Co., 
Dp-3-161,  can  ba  fabricated  Into  coaponanta  In  the  taaa  aannar  aa  tha 
f lllad-alllcona  rubber.  Tha  ablatlva  parforsanca  of  chla  aatarlal  la  vary 
good.  Howava?,  tha  ahrlnkaga  and  cracking  problaaa  aaaoclatad  with  thla 
icatarlal  (aaa  Voluaa  XT.)  auat  ba  raaolvad. 

(U)  Slllca-phanollc  aatariala  are  alao  available  aa  molding  coapounda 
and  aa  auch  could  ba  molded  Into  aegmanta  or  "tllea"  and  bonded  into  placa 
on  alta.  Propar  Mold  daalgn  and  Joint  configuration  would  allow  for  net 
molding  of  tha  flnlahcd  aegmanta  to  provide  a  reliable  Joint  In  either 
the  longitudinal  or  circumferential  direction. 

(Uj  Aabeetoe-phenoUc  matciiala,  although  allowing  relatively  poor  per¬ 
formance  in  this  prograe  may  have  future  application  baceuac  of  their 
low-coat.  Moat  asbestos-phenolic  materials  are  available  as  BMldlng 
compounds  and  could  be  fabricated  In  the  aaae  manner  as  the  alllca- 
phenollc  molding  compounds. 

.  J ,  2 . 2 . 4  Adheslvea 

(U)  A  major  concern  In  thi’  secondary  bonding  of  an'lded  segraenta  Into 
the  pressure  shell  Is  the  choice  of  adhesive  and  out-of -roundneaa  of  the 
metal  shell.  UUh  the  use  of  relatively  thin  sheila  strain  incompati¬ 
bilities  exist  at  the  bond  line  and  bond  line  thicknesses  vary  due  to 
die  ovt-uf-roundness  condition.  It  appears  that  use  of  secondary  bonding 
technique  will  require  special  tooling  and  adhesive  development. 

4,4  COST  A«D  UEICHTS 

(U)  A  VC  I  'u  .mil  cost  estimate  has  been  made  for  each  of  the  point 
deslu'i  eiin  if  sires  .ind  Is  given  as  Tshle  4-1.  The  major  concern  In  the 
lie  Igri  of  these  engines  Is  the  material  choice  for  the  engln'e  asaumlng 
t h.  t  the  engine  sire  depends  on  whether  It  is  a  first,  second,  thrld  or 
even  fourth  stage  engine.  The  materials  studied  Include  ItS.S  T-1,  HY-140 
and  .1  200  grade  maraglng  steel.  The  use  of  Haynes  23  as  a  radiation-cooled 
skirt  was  also  Investigated  for  the  upper  stage  engine.  The  point  design 
costs  and  weight  are  based  on  tlte  use  of  rfY-140  throughout,  except  for 
the  radiation  cooled  noixle  extension  (Haynes-2i)  In  the  57,800  Ibf  thrust 
englne- 

(C)  It  should  be  noted  that  the  chamber  length  L  ,  of  the  prcilminsry 
designs  were  all  based  on  s  L  /D  rst lo  of  1.43.  As  noted  In  Section 
4.2. J,  this  vslue  is  greater  fhsS  the  origins]  scaling  length/dlameter 
ratio  which  la  also  eut  Imatcd  to  he  too  great  for  engine  slr.es  larger 
than  250,000  Ibf  thrust. 
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(1)  Includes  weight  of  Injector,  pressure  shell,  ablative,  nozzle  valves  and  engine  aounta 
(does  not  include  thrust  vector  control  systen). 

(2)  Cost  incloses  aaterlal  and  fabrication  costs,  program  atanageaent ,  QA,  tellablllty  and  all 
fixed  costs  (C4A,  fee,  etc.)- 
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4.b  coitiiisTiou  raroattKi 

(C)  TIm  corr«l«clat  datA  Indicate  Msa  aadlan  drop,  radlua, 
of  207  plcrona  for  a  propoacd  3000IC  coaxial  injector*  The  one-dl«analonal 
vaporiiatioa  rate-llaiced  coabuation  efficiency  enalyeia  of  thin  droplet 
alie  in  the  l(0-inch  chanber  (L  /D  «  1.14)  indicate  a  coabuatlon  efficiency 
of  93  percent  (89  percent  I  efficiency)  aa  ahown  in  Figure  4-5.  The 
vaporisation  rate-linited  anilyala  does  not  conaidcr  incrcaaed  vaporisation 
due  to  aecondary  droplet  breakup  which  would  rerult  in  increaaed  performance. 

(C)  The  performance  of  the  3(X>0li  injector  could  be  Improved  by  (1)  Increased 
chamber  length,  (2)  increased  Injection  &F  (100  pai  wae  asauaed  for  the 
baaeline  case,  or  (3)  increased  number  of  oxidicer  injectien  orifices. 
Increasing  the  chamber  length  increases  engine  weight  and  cost  (since  the 
ablative  coat  ia  the  largest  single  coat  element  of  the  engine).  Increasing 
the  injection  4P'a  increasea  tha  stage  weight  and  possibly  the  cost  but 
appears  to  be  mare  effective  than  increasing  the  chamber  length. 

(C)  Increasing  the  injection  4P  for  the  oxldiser  orifices  to  the  120  pai 
design  injection  AP  decreased  the  mass  nsdian  drop  radius  by  the  following 
relation. 


(4-1) 


(4-2) 


r«n.iln<  constant.  Thus,  thr  r  at  e  £P  of  120  pel  would  he  9). 4  percent 
of  or  191u  which  Is  equivalent  to  increasing  the  performence  by  on* 

pvri:ent . 

(C)  Increasing  the  ruinher  of  osldtxrr  orifices  at  the  same  time  aa 
incrosslnfi  the  Injection  f roe  IOC  psl  to  120  psi  (assuming  mixing 
efficiency  ran  be  nvelnlslnrd)  is  also  beneficial  In  Increasing  performance. 
Thv  mass  median  drop  radius  is  given  by  Equation  4-  This  results  in 
a  ratio  of  (r  |,/{r  |,  for  a  48  element  oxldlter  orifice  ae  folliTwa; 

B  d  Mi 


-  0.869 


(4-3) 


The  r  le  therefore  IflO  alcrnne  end  the  predicted  Increaee  in  performance 
la  approximately  tten  percent. 
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4.6  COHBUSYIOH  STAIILITY 

(U)  Hlnlalsstion  of  «niln«  d«v«lop«*at  coat  la  atroQ{l}r  dapaodant  on  tha 
inharaot  dynamic  atablllty  of  tha  angina  daalgn  which  la  to  ha  acalad. 

Aa  noted  aarllar,  tha  cantrally  located  coaxial  Injector  daaltn  kaa  haan 
acalad  over  a  lQ,000-to-l  throat  range  (23  lh(  to  230,000  Ibf)  without 
a  alngle  occurrence  of  Injector  Inatablllty. 

(U)  During  thla  program  (230,000  Ibf)  tha  Injector  waa  aubjactad  to  21 
combuatlon  atablllty  rating  taata  with  multiple  dlaturbancaa  being  Induced 
on  a  number  of  taata  (laference  7).  Thera  were  no  Inatancea  where  the 
Induced  Inatablllty  waa  not  damped  and  It  waa  concluded  that  the  Injector 
waa  dynamically  atable. 

(U)  Analytical  atudlaa  do  not  Indicate  any  combuatlon  Inatablllty  probletM 
when  the  engine  la  acalad  to  thruat  lavala  In  tha  230,000  Ibf  thruat  to 
3000K  Ibf  thruat  ran^e. 


(Thla  page  ia  unclaaelfled. ) 
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5.  CONCLUSIONS 


(L'J  This  sttcClon  presents  TKW  Systems  conclusions  bssed  on  results  of 
design  studies,  on  evslustion  of  fsbricstion  SMsthods,  end  on  snalyses  of 
hardware  performance  djrlng  the  Task  1  phase  of  the  Injector/Chanber 
Scaling  Feasibility  Frograa. 

(C>  The  coaxial  Inje.tor  concept  demonst rat ed  a  test  site  specific  Impulse 
of  89  percent  of  theoretical  (corresponding  to  9U  plus  percent  vacuum  1  ). 

The  most  significant  engine  design  parameter  with  respect  to  engine 
performance  was  the  cnambcr  Icngtri.  Increasing  the  length /diameter  ratio 
from  0.91^  Cj  1  •  Sd  (wnlch  Is  slightly  greater  than  the  l,<i5  scaling  factor) 
was  responsible  for  an  approximate  four  ('^)  percent  increase  In  performai ce. 
The  I  uodiuil  Ion  process  appears  to  be  vaporl,*st  Ion  rate-llmited  and  the 
perfonurice  at  Che  various  chasiber  lengths  can  be  correlated  through  tlie 
use  of  I  one-<llmensl  na  1  vaporl  za  t  1  <.in  rale-llBlCed  combustion  model. 

(I.J  ttotii  mooent'ia  r  it  1  i  aiiJ  absolute  Inje.tlon  prehMile  level  were  shown 
to  be  ImpurCanc  lii]e<  (Ion  parameters.  In  the  smaller  l./D  comlnist  or  s  the 
performance  was  very  Jepen.jent  on  the  im'mentuu  r.itio  (obtained  bv  varying 
mixture  ratlui;  tbv  delivered  perlormance  bee aas*  less  dependent  on 
iBoas.-nCua  ratio  as  tfie  i  .;sb  .stor  IVli  was  increased.  7  be  etfeci  i>  I  ab.solute 
Injection  pressure  w.is  sb.  w;i  during  (rsls  in  whlili  I  lie  i  hanl'er  preiS.sute 
was  del  reasej  ti  app  r  'X  l  *.  it  e  1  v  .no  jsi.i  (obtained  liy  dei  re.is  1  ng  tot.il 
(low  rate  tbroogh  fixe!  liije.  tl.ii  .rrlliesi.  Ihere  was  .in  ajip  rox  imat  e 
>  percent  loss  in  (  e!li,  lentv  .»s  t  lie  Injiotlon  pressures  were  reduced 
to  ab'iot  V)  per.etit  !  (he  design  value. 

{•'1  All  artlfl'.illy  Inni  e.;  pressure  dlsr  urbai.i  I", ,  whellier  liidmeij  by 
;iii  1  le-guns  <'r  ii’ii-dlri  r|.'".ai  bools  d.imped  wltliln  (be  reijulreO  gtnbllllv 
irlferl.i  of  >(1  al  I  1  1  see  nds.  There  were  no  Inslatnes  of  sponl  .iiii’ous 
eomhijstlon  Instability  even  theugh  t  br  itimbustlnn  i  liamber  li’iiplb  was 
v.irted  and  cfie  Inject. 'r  was  <perated  .  ver  a  wide  r.inge  of  mixture  ratios 
•in.l  performance  levels.  Tbere  Is  n..  rvldinre  to  suggest  that  the  coaxial 
Injoetor  will  n.^t  be  lynasateally  st.ible  at  the  higher  lliruat  levels. 

(  U  )  The  design  and  (  i’t  I .  .it  ion  of  (he  .Je  ve  1  uproen  t  li.i  r  dw.i  r  flnjeitor, 
ri'p  i  .n  r.iti  I  e  orifl.es,  an.j  beat-sin"  combustion  (li.aroberx)  demons  I  r  at  ed  that 
low-cost  ••  iimoe  r .  1 .1 1  f  abr  I  cat  f.m  t  e,  .'in  I -iues  could  produce  acceptable  hard- 
warif  for  th*  pr 'gran.  The  use  of  an  electrical  Jisilurge  macoinlng 
priicasa  f  ’r  iwicblnlng  tbe  oxictir^r  orifices  resulted  In  uniform  orlliccs 
with  lets  than  a  1-1  percent  variation  in  total  are*  for  the  three 
demonstration  Inject,  rs  which  were  fabricated. 

(Uj  Somi-  additional  minimal  Injector  dewelopreent  effort  Is  indlialeo 
to  minimize  the  propellant  natdl st rlhut Ion  which  Is  caused  by  the  single 
fuel  Inlet  and  fuel  nwinlfold.  A  resizing  rif  the  Internal  flow  passages 
on  the  fuel  side  of  the  Injector  is  Indicated.  The  propellant  maldistri¬ 
bution  Is  nuinlfested  as  unsyaawr  rl.  al  wall  environments  (higher  r“i  overj,’ 
teraperaturea )  in  loi  allied  regions  In  adtlUlon  to  reduced  performance  due 
to  HU  v'arlaclons. 
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(U)  Further  Injector  <l«vtclopc«nt  1«  eI*o  needed  to  optlalre  injector 
pc^rforaence,  primarily  in  the  area  of  the  oxidizer  orifice  apaclng  (percent 
blockage) t  number  of  orlflcee  and  orifice  shape. 
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APPENDIX  A 

FACILITY  CHECXOirr  ENGINE  DESIGN 


1.  ENGINE  DESIGN 
L.l  GENERAL 

(L')  In  addition  to  tha  daslgn  and  fabrication  of  tha  Taak  I  davelopmant 
hardwara  TRW  ■odifiad  and  dalivarad  an  aaiatlnc  2S0,000  Ib^  thruat  angina 
for  atand  nock-up  and  chackout  of  tha  High  Thruat  Teat  Facility  il-56). 

Tha  axlating  angina  had  baan  taatad  In  1967  at  a  chaabar  praaaum  of  60 
paia  and  approainataly  20  parcant  of  ratad  flow  (Raf,  1)  under  Air  Force 
Contract  AF06(611)-in82. 

(U)  Analyaia  and  daHtgn  of  tha  engine  waa  initiated  at  the  atart  of  the 
contract  to  detaminr  the  required  nodi  f  icationa  Co  tha  angina  and  allow¬ 
able  operating  condltlona.  The  objective  of  thia  effort  waa  to  provide  a 
oMdlflad  cxiatlng  engine  which  waa  auitable  for  repeated  ahort  duration 
testa  at  ratad  condiciona.  Theae  teata  reaulta  would  than  provide  aonie 
design  critaria  for  tha  initial  development  injector  configuration  (prior 
to  complation  of  fabrication  of  the  initial  development  Injector).  How¬ 
ever,  testa  of  the  modified  thruat  chvaber  aasenbly  were  not  completed  In 
tlm<-  to  allow  any  design  changes  to  be  Incorporated  Into  the  development 
Injwctor . 

1.2  2i0,000  LSp  THRL’ST  FACILITY  CHECKOITT  ENGINE  DESIGN 

(U)  The  250,000  lb.  thrust  engine  Is  shown  In  Figure  A-1  prior  to  testing 
at  tha  TRW  Capistrano  Test  Site  in  1967.  The  englns  consists  of  two  com- 
ponsnts;  ths  centrelly  locstsd  eoexlsl  Injsctor  and  the  uncoolcd  thrust 
chambsr.  The  swdi fleet  lone  required  to  each  compontnt  to  allow  operation 
at  ratad  conditlone  are  dlccuesed  in  the  following  sections. 

1.2.1  Component  Design  -  Injector 

(U)  Ths  design  of  the  modified  Injector  (Xi03666-1)  is  shown  as  Figure  A-2. 
The  redesign  waa  baaed  on  providing  tha  nominal  chanbar  prtasure  in  the 
existing  chamber  which  had  a  throat  diameter  of  27.0  Inches ,  Ths  propellant 
inlet  interfaces  were  coordinated  with  ArRTL  personnel  prior  to  tha  modifi¬ 
cation.  Tha  single  fuel  inlet  was  retained;  however,  the  5  inch  diameter, 
150  lb  ASA,  ellp-on  flange  was  replaced  with  a  6  inch  disDiatar,  300  lb  ASA, 
welding  neck  flange  and  6  inch  schedule  80  pipe.  The  fuel  manifold  was  re¬ 
placed  with  a  manifold  constructed  of  6  inch  diameter,  90*  elbows,  of  sche¬ 
dule  80  pipe.  The  i^aximum  velocity  in  the  annular  Inlet  fuvl  manifold  la 
24  ft/sec  at  rated  flow.  The  8  Inch  diameter,  150  lb  ASA  oxidizer  inlet 
flange  was  replaced  with  an  8  inch  diameter,  300  lb  ASA  welding  neck  flange. 

(II)  The  machined  flanges  for  attaching  the  injector  canter  body  to  the 
outer  Injector  ho\iatng  ware  changed  from  1/2-1, ich  to  1-lnch  In  thickness. 
Twelve  g-janet  stiffeners  are  welded  between  the  oxidizer  inlet  flange  and 
the  machined  flanges,  The  oxidizer  diffuser  plug  wan  reponltloned  to  pro¬ 
vide  a  primary  orifice  opening  of  0.88  inches.  An  ablative  pintle  tip  of 
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(U)  HAVEC  ccaMDC  (4sb ‘itcuv-phenolic)  W«»  fabrlcatitd  to  protect  tb« 
plug  fro«  the  thermal  vavirotimoat .  llie  reii«rked  Injector  la 
aiLOwa  in  flguru  A-3  prior  tj  ahipaeat  to  the  APR?! . 


(h')  Figure  A-].  RrvnrkeJ  Ijil.iw'o  1^J 
Thrust  ln)ectiir  PrI.'r  t'  ^hlp- 
•enC  to  AFWL  (Photo 


1.2. 1.1  Hydraulic  Tea I-Injector 


(C)  A  fixture  for  hydroa t at  leal ly 
preaaute  checking  cha  Injector,  fabri¬ 
cated  Iron  coniDierclal  pipe  aectlona, 
waa  uaed  to  preaaure  clteck  the  Injec¬ 
tor  at  413  pal.  Blank  flangca  were 
uaed  to  aeal  both  propellant  Inlcta 
and  the  fixture  was  bolted  to  the  In- 
jrctor-che^ber  Bating  flange  which 
Sealed  t)'.t'  Injection  orifices. 


(U)  Water-fli.'w  testa  were  conducted 
at  the  Capistrano  Teat  Site  prior  to 
*Mpa«riit  of  the  injector  to  the  AFRTL. 
Hie  Injector  was  not  wster-dowed  at 
tl>e  rated  conditions  because  of  facil¬ 
ity  1  Inl  t  at  ti'nx  st  the  time  of  test. 

P>e  Injection  pleasure  losses  are 
prrsrlitrd  In  Hpurr  A-4,  Tlie  oxldl- 
/rr  Injection  orifice  ares  la  13.29  sq . 
inches.  Tfie  diffuser  plug  is  welded 
Into  a  ntultlon  which  covers  0,12 
Indies  cif  tlie  1,00  Inch  prlssry  orifice 
length.  Tlie  fuel  Injection  area  la 
10.  7S  sq.  Inifiea.  The  annular  open¬ 
ing  varies  1  rnwi  0,2f>0  tnehe#  at  the 
fuel  Inlet  to  0.270  Inches  at  100 
degrees  Iron  the  fuel  Inlet.  TTie 
experlBrntally  Jeterolned  values  of 
the  discharge  coefficient  for  the 
Injertlcn  orifices  are  0.74  for  the 
osldlrer  elewenl  nnd  0.99  for  the 
fuel  orlf<  e. 


(U)  A  photograph  of  the  Injection  eprajr  pstteri.  water  flowing  through 

both  fuel  and  osldtier  orifices  1»  shesm  in  Figure  A-J,  at  wster  flows 
•qulvslanC  to  Che  throttled  conditions.  When  the  oxldlter  side  of  the  In¬ 
jector  Is  water-flowed  Indlvlduslly  the  secondenr  flow  Is  shesm  to  fan 
c treuaf ersnt Isl ly  after  leaving  the  orifice  (Figure  A-A).  The  upstrea* 
regions  of  the  prlaarr  orifices  sre  not  cowipletely  filled.  In  Figure  A-S 
th«  flow  through  ciiw  usiJiier  orlflree  tends  to  fill  the  orifices  and  to 
apread  c  irciaafersnt  1  al  ly  to  fora  a  unlfo'.vi  cone  close  to  the  Injector. 


tTeslgn  -  Thrust  Chsaher 


(U)  The  existing  TRW  thrust  chsBher  (X403AAA)  shesm  In  Figure  A-7  was  de- 
llvsrad  to  AFRPt  on  18  July  19Afl  for  »od 1 f 1  cat  1  on.  The  chaaber  la  construc¬ 
ted  of  4130  steel.  The  only  atruccursl  aodl f Ic at  Ion  required  to  the  thrust 
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<U)  ch«sb€rt  to  oiubl*  operation  at  tho  rated  coadltloaa,  conalatad  of  tha 
waidloc  ot  fuaaet  atiffanat*  lX40ibbb-12>  at  tha  Injector  head  aa  ahearn  on 
TW  drwlng  X403668. 

1.2. 2.1  Modification  1  -  Throat  Chaabar 

<U)  After  coapletlon  of  tha  initial  ten  facility  chackovt  flrlnga  tha  Itv- 
Jactor  and  thruat  chaabar  wara  returned  to  TRW  Syatc»a.  Tha  thruat  chaaa- 
bar  (X4036bB}  waa  reworked  to  ba  ccaipatibla  with  tha  uavalopaant  Injector 
at  the  16  inch  flange  attach  point.  Tha  chaabar  waa  lengthened  12  Inchaa 
In  a  Banner  almllar  Co  that  a«ployad  for  tha  heat-aink  co«buaclon  chaabar. 
Ttte  noizla  extenalon  wae  lengthened  (20*  half-angle)  to  ptovlde  a  A/1  ax- 
panalon  ratio  noazia  by  adding  a  conical  aegtlon  with  an  exit  dlaaetcr  of 
3A.0  Inchaa.  Thia  twdified  chaaber  waa  eaployed  in  teat  flrlnge  33  and  3A 
only. 
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ATPEMDIX  I 


TMUtMAL  ANALYSIS  OF  2SO,000 
THBUST  HEAT-SINK  E3<CINE  COUnCUIUTION 


I.  PUDICTED  HEAT  TEANSPEK  COEFFICIENT  AT  NOZZU  THROAT 

(U)  Th*  coBV«ctlv«  ha«t  cranafar  coafflclant  along  a  thruat  chaabak.'  wall 
eaa  ba  ^aleulatad  In  aany  waya,  ualng  any  nuabar  of  currantly  avallobla 
chaoratical  er  aaplrtcal  Boda^a,  or  Bodlflcatlona  tharaof,  or  It  can  ba 
obtalnad  by  axtrayolat Ion  from  avallabla  caat  data.  IHa  following  pradlc- 
Cad  valua  arbitrarily  la  baaad  on  tha  Bard  abort  fom  aquation  (Raf.  1) 
with  tha  gaa  propartlea  arbitrarily  baaad  on  a  flla  tanparatura,  takan  at 
tha  arlchaaclc  avaraga  of  tha  local  aftatic  tanporatura  and  an  avcraga  Inalda 
aurfaca  wall  tanparatura.  Tha  local  atatlc  tanparatura  la  calculated  fron 
an  aatlBacad  recovery  tanparatura  which  la  baaad  on  taat  data  obtained  with 
tha  TRW  coaxial  Injector.  It  ahould  ba  pointed  out  that  tha  affect  of  tam- 
paratura  on  tha  calculated  value  of  the  h*at  tranafer  coefficient,  h^,  for 
the  U0M</N204  propallant  cooblnatlon  Ic  of  aecondary  Inportanca.  The  pre¬ 
dicted  valua  of  h  la  then  coaparcd  to  that  corrected  froa  available  data 
obtained  ualng  a  nigh  perfomlng  coaxial  Injector  at  a  chaaber  preaaure  of 
300  pa  la. 

Theoretical  performance  and  gna  propertlea  at  a  mixture  ratio  of  2.b  for 
N2O4/UDKH  at  300  pale  are 

C  ■  5596  ft/sec  (ahlftlng) 

T  -  5930*R 

c 

C  ■  0.666  Btu/lb-*F  (froxen) 

P 

Average  nolecular  weight  «  23.6  Ib/lb  ixol 


Primary  gaa  conatltuenta 


■ol  fraction 


Throat  diameter  >  26.1  In. 

Throat  radlua  >  11.5  In. 


UNCLASSIFIED 


(U) 


U^CLASSiFiEO 


m99-«O0fr>Rft-00 
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m  ^  V 

•  9  v-s 

FrTjT 

p 

R  ■  1344/aol.  wt  «  1544/23. 6  -  45.5 


(2) 

(3) 


> 


_ 1 _ 

l-65.5/078)(.4i6)  " 


1.22 


fr  ■ 


(4)(1.22) 

<9)(l722i-5  ■ 


0.617 


For  A  atcal  thruat  chambtrt  the  inaida  aurfaca  wall  tcr.paratura  during  a  2 
aacond  firing  la  approalaataly  1000*F.  The  gaa  racovary  tanparatura,  baaad 
on  taat  data  obtalnad  with  tha  TRW  coaxial  Injactor,  la  approxlButaly  4200*R. 
Tlia  gaa  ataclc  taaparatura  at  the  throat  la  tharafora 


T  .  •  4200  at  V  •  1.2^  -  4200  x  .90  •  3780*R 

V^otal  f 

Tha  film  taaparatura  la 

a 

.  Ji-IiiSlilS  .  ,  262o«r 

The  factor,  r  ,  which  accounta  for  Ran  dcnalcy  and  vlacoalty  variation 
acrosa  the  boundary  layer  Is  datamlned  from  charts  In  Rafaranca  1,  for  a 
ratio  of  wall  taaparatura  to  racovary  traparature  of  0.386,  and  la  approx- 
Imataly  1.25. 

(U)  Tha  npaclflc  hast,  la  eatlmatad  to  ba  0.42  Btu/lb-*r  at  a  film 
taaparatura  of  2620*R.  Tnls  valua  la  aatlnatad  by  noting  that  the  affect 
temperature  haa  on  tha  gaa  conatltuenta  aa  temperature  la  decreased  from 
5930*R  to  2620*R  la  approximately  10  percent.  Therefore  the  C  value  of 
0.466  8tu/lb-*F  la  decraoaed  by  10  percent.  ^ 

The  vlacoalty,  P  ,  la  entlmated  from  Reference  1. 


p  -  (46.6  X  10~^°) 


(4) 


-  (46.6  X  10'^°)  (23. 6)^'^^  (2620)**  -  0,254  x  lO"*  Ib/ln-aec 
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(U)  Subftltuclnc  IntQ  CqiMtlja  (1)  for  ■  300  pal«  «nd  C*  ■  3230  ft/mc 


b  * 
t 


(26 


.026  [ilLi 

7l^  L 


236  »  10~^)‘^(0.62)1  r  (300)(32.2) 


(0.817) 


.6 


JL 


3230 


(i)a.25) 


(0.026)(0.076)(0.42)<1.632)(1.0835)(1.23)  .  ,„-3  BTU 

• - —  (T.921  (o.TO — - 

Thla  calcul«ttd  value  la  acaw*..;!  lower  choa  experlMiitally  detemlned 
values  obtaltiad  with  a  TXU  ccmIcI  Injaccoi’  doalunad  for  a  choabar  praasuro 
Of  300  pal*.  Corrac.lnt  tha  vaparlaantall*  datarulnad  valu*  by  ch«  rario 
for  the  choaber  raaulta  In  on  aatlBati^d  value  of  b2  of  I  ■  38  k  10'3 
Stu  for  the  2S0K  ebaaber.  It  la  recoowended  that  a  value  of 
In^-eec-  approximately  1.36  %  10"3  Btu  be  used  for  the  250K 
engine  until  further  '  2  •_  experimental  data  la 

obtained.  f 

2.  THES7UL  ANALYSIS 

(U)  The  reeulte  of  an  approximate  thermal  anelyelx  of  the  230,000  Ibf  heat> 
sink  coabuaClon  chamber  are  presented  In  the  followlr.g  paragraphs.  The  com¬ 
bustion  chamber  model  and  goa  recovery  temperature  plot  uaed  In  the  analyels 
Is  ehown  in  Figure  B-1.  Hot-nlde  and  cold-aide  wall  tenperaturea  were  com¬ 
puted  for  varying  wall  chtekneasea  and  gaa  recovery  temperaturra  o.  70,  63 
and  100  percent  of  the  theoretical  maxima  gaa  temperature  In  the  throat  and 
combuatlon  chamber  reglone. 

(U)  A  typical  gis  recovery  temperature  with  the  TRW  coaxial  injector  In 
approximately  70  percent  of  theoretical  maximum  gas  temperature,  or  3610' P 
MM  determined  from  Figure  B-1.  The  predicted  hot-eldc  and  cold-side  tem¬ 
peratures  for  Che  throat  region  and  chamber  region  are  ehown  In  Figures  b-2 
and  B-3,  respectively.  The  s'lilysls  predicts  an  Internal  surface  temperature 
of  1700*F  Is  reached  at  the  throat  after  two  seconds  of  firing  for  wall 
Chteknesses  of  0.23  Inches  to  0.30  inches.  Wall  thickness  has  only  a  secon¬ 
dary  affect  on  hot-side  temperature. 

(U)  The  predicted  wall  temperatures  for  an  85  percent  gas  recovery  temper¬ 
ature  arc  shown  In  Figures  B-4  and  B-3.  The  predicted  Internal  surface  tem¬ 
perature  sc  the  throat  after  two  seconds  of  firing  is  approximately  2iOO*F, 
Flgurea  B-6  and  B-7  show  the  predicted  wall  temperaturee  for  a  100  percent 
gaa  recovery  temperature.  Tha  predicted  Internal  surface  tesperature  at  the 
throat  after  two  seconds  of  firing  la  approximately  2500*F. 

(U)  Definitive  tesperature  limits  for  repeated  abort  duration  firings  with 
T-1  stesls  are  not  available.  It  Is  recommended  that  test  durations  be 
liaised  to  two  seconds  (or  170C*F)  to  minlalis  chemical  attack  by  the 
propellancs  impinging  on  the  hot  combusilon  chamber  wall.  Thermocouples 
on  the  oucalda  surface  of  the  combustion  chaitbar  will  not  respond  quickly 
enough  Co  measure  Inner  well  temperature.  Therefore  it  la  rccomended 
Chat  Inside  wall  surface  thermocouples  (Nanmac'a)  be  installed  along  the 
thrust  chamber. 
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(U)  FI|um  B-2.  Predicted  yoizle  Throet  Well  Tempereture 
for  70X  Recovety  Tempereture  (U) 
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(II)  Figure  B-S.  PrcdlrtvfJ  Chnmbrr  Wall  Temperature 
for  85Z  Recovery  Temper.iS  urc  (UJ 
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Flgtirr  H-7.  Predicted  Chamber  Wall  Tomperaturp 
for  lOOZ  Recovery  femprraiurp  (U) 
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1.  CENEAAL 

(U)  Th«  t«ac  ratulcs  prasantcd  h«r«ln  arc  derived  Iron  computer  printout 
date  furnlahed  T&U  by  the  ATKFL.  The  AFSPL  fumlehed  TRW  reduced  perfor- 
■ance  data  for  test  flrlnge  2  through  17  and  general  performance  data  for 
teat  flrlnge  18  through  46,  72-78,  90-93,  98-102,  and  108-110..  TRW  Syetema 
reduced  the  latter  45  flrlnge;  atandard  data  reduction  procedurea  were 
employed  throughout.  Oetalla  of  the  computational  procedurea  end  correctlona 
which  were  applied  are  given  In  the  following  meet lone. 

2.  tCLlVZUO  SPECIFIC  IMPULSE  AMS  THRUST  COEmCIENT 

(U)  The  meaaured  apeclflc  Impulae  la  defined  by  the  following  equation 


where ; 


■  (PIA  *  PlB}/2,  outputa  of  dual  bridge  load  cell,  Ib^ 

■  ‘f  Ug,  weight  flow,  oxidizer  and  fuel.lb^/eac 


(U)  The  thruat  coefficients  were  calculated  fvoa  Equation  (2)  as  follows! 


‘f(aeaa)  P^  A^ 


where : 


■  nozzle  acagnatlon  prcaaurc, pale 

■  throat  area,  In^ 


(U)  The  nozzle  acagnatlon  preaeure  waa  obtained  by  two  methoda.  The  firat 
method  corrected  Che  average  of  the  two  Injector  end  preaaure  meaaurenenta 
for  pressure  loss  to  nozzle  stagnation  preaaure  ualng  Figure  C-1  (Reference 
1).  This  method  assumes  that  the  gsa  velocity  acroia  the  Injector  end 
pressure  taps  la  zero  and.  therefore,  they  were  reading  Injector  end  atag- 
natlon  pressure.  This  was  latter  shown  to  be  Incorrect  as  measurements 
taken  in  the  annular  space  between  Injector  and  chamber  showed  higher 
pressures.  The  second  method  used  the  nozzle  entrance  pressure,  measured 
Just  upstream  of  the  convergent  section,  which  was  corrected  for  static 
to  stagnation  pressure  differences  due  to  gas  velocity.  Both  methods  assume 
that  combustion  is  conple'  e  at  Che  nozzle  entrance  and  flow  In  the  nozzle 
la  Isentroplc. 

Reference  1.  Altman,  D. ,  et  al.  Liquid  Propellant  Rockets,  Princeton 
University  Press,  1960, 
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(U)  rigura  C-1.  Corracclan  Factors  for  Various  Coutracclon  Ratios  (U) 


2.1  SPECIFIC  IMPULSE  ^N0  NOZZLE  EFFICIENCY 


(II)  Ths  chsorscical  Igp  and  C*  data  for  cha  prassura  rango  of  200  pals  to 
300  pals  and  slxtura  ratios  of  1.80  to  3.20  (0/F)  vara  curva-flt  and  laaad 
In  aquation  fora  to  conpuCa  tha  thaoratlcal  Igp  and  C*.  Tha  aquations  ara 
as  follovs: 

lap  (P«  "  4.6)  -  -120.6491  +  379. 7692  -123,4563  N  + 


0.463773P  -  0.00061575  P*  +  0.0017556P 


V“( 


wharai  ^ 

*'*(thao)  ■  1496.4296  +  5838.8849 ,/ii  -2072.959  m  -  0.21772P 
0.0003875P"  +  0.379418Pn/m 


(3) 


(4) 


(0)  Tha  spaclflc  lapulsa  afflclancy  vas  cosputad  aa  follovs 


nl 


rimuu,) 


sp  W  I 

t  ^Bp(thao.) 


(5) 


with  ths  tfaaoratlcal  balng  cosputad  fro«  aquation  (3). 
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(U)  Th«  noailc  •fftclrney  wa«  4«t«raln«d  froa  the  followlngi 


<«•> 


2.2  EXPECTtD  NOZZLE  EmCIENCY 


(0)  The  expected  *)cf  for  Che  2/1  expeoslon  retlo,  20  degree  hxlf-utgle 
conlcel  noxzle  ww  0.95J.  In  the  4/1  enpenelon  ratio  con/Lgvuratiob  the 
expected  0.96S.  Theoretical  calculaclona  were  made  for  Che  varioua 

loaaee  (kinetic,  divergence  and  friction)  In  the  4/1  expanalon  ratio,  13 
degree  half-angle  conical  noscle.  Theae  coepuCationa  Indicate  a  nozxle 
efficiency  of  0.980  at  a  nlxture  ratio  of  2.60  (0/F) .  Theoretical  calcu- 
latlona  for  nlxture  ratios  of  0.3  to  10.0  (0/F)  ehoe  leas  Chan  0.3  percent 
variation  In  the  theoretical  thruac  coefficient. 


3.  MEASURED  CHAMACTERISTIC  VELOCITY  EFFICIENCY 

(U)  The  characteristic  velocity  was  calculated  as  followe: 


where: 

F^  *  noazle  stagnation  pressure,  psla 

■  throat  area,  In^ 
g  -  32.2  lb  -ft^/lb,-ft-sec^ 

U.  owe  V,,  lb  /sec 

C  O  K  ti 


(7) 


(U)  During  the  facility  checkout  firings  (1-10)  the  characteristic  velocity 
also  was  coaputed  using  the  following  equetloni 


where: 


CS  -  (FC-1)  a  A^g 
WT 


fl-  PC- 3 
PC-1 


i/Po  ) 


(8) 


The  correction  factor  for  P./P  Is  obtained  froe  Figure  C-1 
of  PC-3/PC-1  for  firings  9-17  was  1.071;  this  results  In  a  0 
p.9S2, 


and  the  ratio 
ters)  value  of 
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(U)  TtM  flow  used  lo  boch  the  AeMurod  I  «nd  C*  oquatlona  wer* 

ebtalMd  fro«  alngl*  curbln*  flowsatara  ualnt  wS?ar  flow  calibrations, 
fropallant  taaparataraa  wat's  aeasurad  In  tha  propallane  tanka  and  llnea 
and  at  tha  injactor.  Danaitlaa  for  both  propallanta  ware  coaputad  from 
AftfL  derived  aquationa  given  aa  Equatlona  (9)  and  (10). 

Pj  -  51.777139  -  0.0350405  (T^)  (9) 


p^  •  95.8447  -  0.078033  (T^)  (10) 

(U)  Tha  coabuatlon  efficiency  waa  cooputed  froa  the  following  aquation: 

C*  (  aeaaured) 

“  C*  (theo'H  (9) 


where  the  theoretical  C*  It'  detanlned  froa  aquation  (4). 

4.  INJECTION  PARAMETERS 

(U)  Tha  Injector  and  syicca  flow  conductances  were  deteralncd  using  the 
following  general  equation 

1C  -  q\fo/7?  (12) 

where: . 

Q 

0 

AV 

(U)  The  fuel  Inject  I'ln  presnure  loss  was  sn*asured  between  the  entrance  to 
the  o'-lflce  (PlF-2)  and  the  Injector  end  chseber  pressure  (PC-1  or  PC-2). 
The  oxld  Irnr  ' Inject  Ion  pressure  (I'lO-l)  was  used  t.’  deteralne  the  APig. 
Injector  conductance  wan  calculated  from  the  following  equations. 


■  voluastrlr  flow  rate,  ft  /sec 
“  propellant  density,  Ib^/fl* 

*  nesNured  pressure  loss,  pal 


KIJCF  - 

(13) 

KIJCO  - 

(14) 

(u:  The 

tance  by 

orifice  discharge  coefficient  iw  related  to  the 
the  following  equation: 

Injector  conduc- 

^do-  ‘ 

.495 

*lo 

(15) 

tdf  - 

1.495 

^ir 

(U) 
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1.  DESIGN  REQUIREMErfTS/COALS 

(C)  The  Injector  and  uncooled  thruat  chaaber  designs  arc  based  upon: 


Noalnal  Thrust 
Noalnai  Chaaber  Pressure 
Exit  Area  Ratio 
Chaaber  Length 
Propellants 
Noalnal  Mixture  Ratio 
Mixture  Ratio  Range 
Specific  lapulse  Efficiency  (Co 
Thrust  Range 
Chaaber  Pressure  Range 

2  TECHNICAL  APPROACH 


•250,000  lb.  (vBcuua) 

-300  pda  * 

-4.0/1 

-36.5  Inches 

-M204/UDKH 

-2.6 

-2.3  to  2.9 

al}-90Z  (based  on  shifting  equlllbrlua) 

-2.0/1 

-300  psla  to  150  pda 


(U)  The  Injector  la  a  centrally  located  single  cleaent  coaxial  type  In 
which  throttling  Is  accoapllshed  by  varying  the  propellant  supply  preasurea. 
The  coabust  a  chaaber  and  Injector  are  designed  for  a  factor  of  safety  of 
2  at  aableni  taaperature  and  100  percent  over  pressure.  Standard  300  lb. 

ASA  flanges  are  used  on  the  Injector  and  chaaber  where  applicable.  The  run 
duration  Is  lltslted  by  the  cspablllty  of  the  uncooled  heat-sink  thrust  chaa¬ 
ber;  this  duration  Is  sufficiently  long  to  reach  steady-stats  flows,  chaaber 
pressure  and  thrust  so  that  engine  performance  can  be  docuaented. 


(U)  The  coaxial  Injector  Incorporates  replaceable  fuel  and  oxldlter  injec¬ 
tion  orifices  to  provide  rapid  change  of  the  Injector  configuration  with 
alnlaua  dovn-tlae  between  tests.  The  design  guideline  for  the  injector  is 
to  aaxlalze  use  of  coaBerclally  available  pipe  components  (flanges,  elbows, 
tubing),  using  coosMnly  available  steels,  with  alnlnua  modification. 


( U)  The  fabrication  process  for  the  injectors  and  chambers  specifies  that 
welds  be  made  In  accordance  with  the  ASHE  code  for  unflred  pressure  vessels 
This  eliminates  some  stress  analysis  which  might  otherwise  be  required.  To 
reduce  costs,  fabrlceclun  will  be  conducted  outside  the  normal  aerospace 
Industry,  Only  the  critical  dimcnslnna  will  be  inspected  closely  by  acre- 
space  standards  and  only  Industrial  cleanliness  standards  urc  required. 


3.  GENERAL  CHARACTERISTICS 


3 . I  Injector 

(C)  The  Initial  development  Injector  oxidizer  orifice  configuration  is 
Identical  to  that  employed  in  the  TRW  Systems  1967  test  program.  The  re¬ 
quired  flow  rates  are  r.ilculated  as  follows. 
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eOHFIO!HTI.U 


.  708  yNl 

^  ^  *  too“cJs/TOf 

-  13.40  In^ 
o 

Noaliully,  10  percent  of  the  oxldixer  flow  la  Injected  through  the  aecondary 
orlficea.  Therefore,  the  area  yt  the  36  prlaary  orlflcea  la 

A  -  0.9  a  13.40  -  12.05  in^ 
op 

(C)  Tie  unit  apaclng,  UW,  for  36  oxidlxci  eleaenta  on  the  12.65  Inch  pintle 
dlaaeter  is 
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UW  -  -  1.105  inch 

The  width  of  thn  primary  orifice  W  ,  is  selected  aa  0.4S  Inch;  the  width  of 
the  primary  orifice  plus  the  wi^dth^of  the  secondary  orifice  W  la  given  by 
the  following  relation  * 

(W  -e  W  )/.UW  30.50 

P  • 

The  width  of  Che  secondary  orifice  is 
•  0.50  UU  -  0.45  or 

W  -  0.553  -  0.45=  0.100 

a 

(C)  Th<'  oxidizer  Injection  pressure  loss  for  the  aixture  ratio  range  of 
2,1  to  2,9  is  expected  to  vary  from  -8  percent  to  -tb  percent  assuming  con¬ 
stant  total  flow  rote  over  the  eixture  ratio  range. 

3.1.3  Internal  Velocities  and  Pressure  Drops 

(C)  The  velocity  through  the  6-inch  diameter  fuel  inlet  pipe  (schedule  80) 
is 

V  •  W  (M  0/r  -  2.3) 

'  '  OA 


288  / 144  \ 

"49.2  \2b.9/ 

The  pressure  loss  from  the  fuel 


32.6  ft/scc 

Inlet  into  the  fuel  manifold  is 
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K 

AP  -  -- 


where  IC  -  1.5 


1.5  a  (32.6)*x49.2 
64.4  xl44 


&P  ■  6.5  pal 

The  prassure  loas  through  the  eight,  3- Inch  dlaaeter  holes  it  approximately 


where  K 


&  * 

V  .  2^ 

49.2  \56.5/ 


and  the  velocity  Is  given  by 


14.95  ft/sec 


2.37(14.95)  49.2 
64.4  X  144 


•  2.8  pal 


The  expansion  loss  from  the  Internal  fuel  annulus,  based  on  nominal  dimen¬ 
sions  Is 

_  1.0(37)^49.2  ,  , 

"  -^-74-7-14—  " 

((.)  The  remaining  turning  and  contraction  losses  should  be  negligible 
because  of  the  large  areas  and  smooth  Inlets.  The  total  fuel  side  pressure 
loss  (excluding  Injection  orifice)  is  approximately  20  psl. 

(C)  The  velocity  In  the  8-lnch  dl.tineter  oxidizer  tube  (schedule  40)  Is 

U  W  (g  0/F  -  2.9) 

"  OA 


The  friction  loss  and  turning  loss  to  the  Injection  orltlces  Is  included 
in  the  oxidizer  dlschnrg**  coefficient  which  is  determined  experimentally. 

3.2  Conihustlon  Chamber 

(C)  The  design  point  conditions  .ire  used  to  size  the  thrust  ch.smber  for  a 
nozzle  stagnation  pressure,  P  ,  of  300  psia.  The  throat  diameter  is  calcu¬ 
lated  from  Equation  1  n.ssiiming  a  94  percent  C*  efflrlonry. 
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-  26.10  In. 


Th«  chamber  diaateter  (39.0  In.)  and  length  of  chamber  from  Impingement  plane 
to  throat  (36. S  in.)  are  identical  to  the  chamber  teeted  in  1967. 

4.  STRESS  AKALYSIS 

(U)  The  atructural  elescnta  of  the  engine  were  analyzed  for  a  static 
pressure  loading  of  600  psl  at  ambient  temperature  with  a  minimum  required 
margin  of  safety  of  one  against  pressure  loadirg.  The  use  of  300  lb  ASA 
flanges  were  reconaended  for  the  Injector  inlets  and  chamber  attach  points. 

The  margin  of  safety  of  three  la  defined  for  this  design;  therefore  a 
margin  of  safety  of  one  la  derived  for  the  6{X}  psl  loading  in  the  injector. 

(U)  The  methoda  used  In  this  analysis  applied  both  membrane  and  discontinuity 
principles  set  forth  by  Timoshenko  and  Hetenyl.  Thermal  streoaea  and  thermal 
shock  (chamber-throat  tenperature  of  approximately  1000-1SOO*F  inner  surface 
and  ambient  temperature  outer  surface  for  2-3  second  firing)  from  temperature 
and  temperature  gradients  might  be  of  Importance  but  were  not  considered 
except  in  the  support  structure. 

(U)  The  analytical  calculations  are  given  in  the  following  pages. 
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Injector/Chamber  Scaling  Feaaibility  J), 

Oeaign  and  Short  Duration  Tceting 
Volume  1 

4  Ti  VC  *«0  vet  /7V#«  mi  ««#«#>  •tt4  «»«««^ 

Final  Report,  Covering  Period  of  8  July  1968  to  1  September  1969 

*t  nmma,  !•»€  mnmmj 


Voorheea,  G.  A, ,  Jr. 
Morton,  £,  C. 


(U)  The  rceulti  of  the  Taek  I  phaae  of  an  injeclor/chamber  scaiinK 
fcaaibility  program  arc  preecnted.  During  the  fourteen  month  proKraiii, 
covering  the  period  from  6  July  1968  to  I  Sepli  inber  1969,  the  fcaaibility  of 
acaling  the  TRW  Syatem*  coaxial  injeitor  deaign  to  the  2S0,  000  Ib^  lhr»tat 
level  waa  demonstrated.  A  total  of  forty-one  injector  developmert  teat 
firings  were  n^^de  using  eight  injector  renfigurations .  Three  chamber 
lengths  were  evaluated  with  a  single  injector  configuration.  Satiafaclory 
performance  was  achieved  with  the  longest  chamber  tested.  Injector  dynamic 
stability  was  demonstrated  in  numerous  stability  rating  testa  employing  both 
pulae-guna  and  non-dirertional  bornba.  Three  demonalration  Injectora  were 
deaignod  and  fabricated  and  two  of  these  injectora  were  aubjected  to  check¬ 
out  firinga  in  preparation  for  Task  11  testing. 
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Psrforxxiaac* 

Stability 
N^O^/UDMH 
Scaliag 
250.  000  Ibf 

Low-Coat  Thrust  Ciunnber 
Ablative  Liners 
Sllica-PhcDolic  Ablatives 
Silicone  Rubber  Ablators 


